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EXECUTIVE SUMMARY 
 
 This study consists of an in-depth investigation into the safety impacts of highway 
shoulder attributes in Illinois. The investigators began by reviewing the literature of existing 
studies on the safety impacts of shoulder paving and by conducting a survey of the states’ traffic 
safety engineers. Preliminary data analysis was performed to establish the correlation between 
shoulder-related crashes by type and severity category and shoulder attributes such as 
shoulder material type and outside paved shoulder width. A specific analysis strategy was 
developed for assessing the safety impacts of paving, widening, adding paved shoulders, and 
prioritizing highway segments for shoulder paving to achieve maximum safety improvement 
benefits under the constraints of total paved mileage and integrality of decision variables. In 
particular, the analysis strategy consists of the following key components: the EB analysis 
approach and cross-section analysis approach for estimating the safety impacts of shoulder 
paving, an optimization model for network-level shoulder paving prioritization, and GIS mapping 
to visualize PSIs for individual highway segments and  highway segments selected for shoulder 
paving. Data on Illinois state-maintained highways for the period 2000-2006 were used to apply 
the individual analytical components. The following points summarize the project:  
 
  The literature revealed that adding outside paved shoulders up to no more than 8ft in 
width could reduce shoulder-related crashes with considerably large variations. An 
outside paved shoulder width beyond 8ft may increase shoulder-related crashes, 
especially severe crashes. Several studies also suggested that shoulder paving is more 
beneficial for high volume roads. The current study further confirmed some of the 
findings of existing studies.  
  The preliminary data analysis helped establish characteristics of highway shoulder 
attributes in the following aspects: presence/absence and width of paved shoulders, 
appropriate referencing groups, frequencies and characteristics of shoulder-related 
crashes, and correlation of such crashes with shoulder characteristics.  
  Although more complex and data driven, the EB analysis approach appears to be 
superior in producing more reliable results as compared to the cross-sectional analysis 
approach. One statistical rigor of the EB analysis lies in its ability to eliminate regression-
to-mean bias inherited with the cross-sectional analysis.  
  Shoulder paving is most effective for multilane highways, followed by two-lane and 
Interstate highways. The following shoulder treatments were found effective: paving and 
widening the existing shoulders of rural Interstate highways, re-paving the existing paved 
shoulders of multilane highways with per lane daily traffic not exceeding 10,000, paving 
and widening the existing paved shoulders of urban Interstate highways, adding 
shoulders to multilane highways, and paving, widening, and adding new paved 
shoulders of two-lane highways with per lane daily traffic within 5,000-10,000.  
  Shoulder paving is more effective in reducing shoulder-related injury and PDO crashes 
than shoulder-related fatal crashes. Maintaining an 8ft paved shoulder after paving or 
widening is most effective for rural Interstate highways. Preserving a 6ft paved shoulder 
after paving or widening is most desirable for urban Interstate highways. Retaining a 4ft 
or 6ft paved width after the paving or adding treatment appears to be more desirable for 
both rural and urban multilane highways. The more effective shoulder treatments for 
rural two-lane highways are paving, widening, and adding paved shoulders up to 8ft 
wide. The desirable shoulder treatments for urban two-lane highways are paving 8ft, 
widening from 4ft to 8ft, and adding 6ft or 8ft wide paved shoulders. No clear pattern in 
terms of increase in shoulder-related crashes was identified among lane widths of 11ft, 
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12ft, and 13ft for equal combined lane and outside paved shoulder widths ranging from 
12ft to 24ft.  
  The average (and standard deviation) of percentage reductions in shoulder-related 
crashes associated with effective widths of paving, widening, and adding paved 
shoulders are summarized as follows: 
 
Shoulder Paving 
Category 
 Fatal Injury PDO 
Rural Interstate Paving for all 
widths 
3-6% 
(0.3-7%) 
2-6% 
(0.1-4%) 
20-36% 
(0.5-8%) 
Widening from 4, 
6ft, to 8ft 
-6 to -3% 
(4-9%) 
2-8% 
(0.1-1%) 
19-33% 
(3-8%) 
 
Rural multilane Paving for all 
widths 
19-22% 
(4-5%) 
0-3% 
(0-8%) 
18-20% 
(0.2-4%) 
Adding 4ft or 6ft 2-5% 
(0.2-1%) 
2-5% 
(0.1-4%) 
21-23% 
(4%) 
Rural two-lane Paving for all 
widths 
-10-1% 
(0.04-11%) 
4-8%   
(0.2-8%) 
7-30% 
(0.4-2%) 
Widening from 4, 
6ft to 8ft 
-7 to -4% 
(6-13%) 
3-7% 
(0.1-0.3%) 
18-41% 
(0.9-1.4%) 
Adding 6ft or 8ft -11 to -8% 
(10-13%) 
5-8% 
(0.3-1%) 
25-43% 
(2-3%) 
Urban Interstate Paving for all 
widths 
1-2%  
 (0.1-0.3%) 
2-5% 
(0.03-3%) 
16-28%  
(2-3%) 
Widening from 
4ft to 6ft 
1% 
(0.1%)  
4% 
(1%)  
2% 
(0.2%) 
Urban multilane Paving for all 
widths 
7-15%   
(0.1-3%) 
1-5%  
 (0.1-2%) 
5-10% 
(0-6%) 
Adding 4ft or 6ft 7-17%  
(1-3%)  
0-2% 
(0-0.1%) 
0-3% 
(0.1-0.2%) 
Urban two-lane Paving for all 
widths 
1-3%  
 (0-0.2%) 
4-28% 
(2-11%) 
6-11% 
(0.2-5%) 
Widening from 4, 
6ft to 8ft 
-4 to -2% 
(2-5%)  
31-35% 
(2-3%)  
3-13% 
(0.2-2%) 
Adding 6ft or 8ft -11 to -9% 
(11-12%)  
 
7-37%  
(0.4-6%)  
20-23% 
(4-5%) 
            
 
 The optimization model for prioritizing highway segments for shoulder paving was readily 
implemented. The overall benefits achieved from highway segments selected for 
shoulder paving with increasing total paved mileage have shown a diminishing rate of 
returns in safety improvements. The heavier traffic volumes on Interstate and multilane 
highways, particularly in urban areas, are correlated with higher shoulder-related crash 
frequencies. A higher number of crash reductions may be achievable from shoulder 
paving for those highways. 
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CHAPTER 1  INTRODUCTION 
 
1.1 BACKGROUND 
 The single greatest category of vehicle crashes on Interstate, multilane, and two-lane 
highways is run-off-the-road incidents. These crashes often occur at high speed and at night. A 
potential safety hazard can occur when a vehicle leaves the travel way. This hazard is due to 
significant material and elevation differences between highway pavement and shoulder 
surfaces, which can affect vehicle stability, reduce a driver’s ability to handle the vehicle, and 
often cause head-on, sideswipe, rollover, and fixed object crashes. Shoulder paving is 
recognized as a positive countermeasure to reduce a shoulder dropoff hazard that will 
accommodate stopped vehicles to avoid encroachment from the travel way, facilitate  
maintenance work, provide access for emergency vehicles, and protect pavement structural 
integrity. A paved shoulder could assist in protecting the road structure damage caused by 
water infiltration and stray vehicles and help stray vehicles regain control, recover from error, 
and resume normal travel. However, very few studies have been conducted in the United States 
to quantify the presence/absence and width of paved shoulders in relation to vehicle crashes by 
severity and type and to evaluate the safety impacts of shoulder paving in reducing vehicle 
crashes. This lack of information limits transportation agencies in considering economic benefits 
of shoulder paving as a proven safety improvement countermeasure.  
 This study investigates the extent to which the presence/absence and width of paved 
shoulders contribute to vehicle crashes by severity and type and develops a specialized 
analysis strategy for assessing the safety impacts of proposed shoulder paving treatments and 
prioritizing highway segments to receive shoulder paving that will yield maximized overall 
benefits under budgetary constraints. While this strategy does not eliminate the need for human 
judgment, it could help experts make better decisions. The findings are expected to help the 
Illinois Department of Transportation (IDOT) update its current design manual.  
 In preparing this report, the authors have attempted to provide both technical and non-
technical information. Some readers may wish to skip over the mathematics and focus on the 
broader concepts of the analysis strategy. 
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1.2 STUDY OBJECTIVES 
  
 The overall study objective is to analyze the safety impacts of highway shoulder 
attributes and assess safety impacts of shoulder paving in reducing vehicle crashes. The 
shoulder paving activities are categorized as: paving the existing paved shoulder, widening the 
existing paved shoulder, and adding a new paved shoulder. The specific objectives are as 
follows: 
  Establish the characteristics of highway shoulder attributes for Illinois DOT maintained 
rural and urban Interstate, multilane, and two-lane highways in aspects of 
presence/absence and width of paved shoulders. 
  Determine highway shoulder-related fatal, injury A, B, and C, and property damage only 
(PDO) crash frequencies. 
  Develop a common weighting scheme for fatal, injury A, B, and C, and PDO crashes. 
  Use the Empirical Bayesian (EB) approach to perform before-after comparison of vehicle 
crashes on a number of rural and urban Interstate, multilane, and two-lane highway 
segments involving pavement resurfacing treatments (with and without shoulder paving). 
As part of the EB analysis, calibrate highway segment safety performance functions 
(SPFs) for rural and urban Interstate, multilane, and two-lane highways considering work 
already completed under ICT Project R27-20 titled, “Develop Safety Performance 
Functions for Illinois;” determine appropriate comparison groups for safety impacts 
analysis of shoulder paving; and present the analysis results in percent reductions in 
shoulder-related fatal, injury, and PDO crashes from shoulder paving by shoulder paving 
category, daily traffic, lane width, outside paved shoulder width, and combined 
lane/shoulder width. 
  In case data is lacking to perform the EB-based before-after analysis, in parallel conduct 
a cross-sectional analysis of safety impacts of pavement resurfacing with and without 
shoulder paving for rural and urban Interstate, multilane, and two-lane highways only 
using data in the after treatment period. The analysis results will be presented in percent 
reductions in shoulder-related fatal and injury crashes from shoulder paving by shoulder 
paving category, daily traffic, lane width, outside paved shoulder width, and combined 
lane/shoulder width. 
  Identify a potential for safety improvements (PSI) for each untreated rural and urban 
Interstate, multilane, and two-lane highway segment.  
  Map the PSI values for individual highway segments by entire state, Illinois DOT District, 
land area, and highway functional class in Geographical Information Systems (GIS) as a 
layer showing color coding of PSI ranges and with specific PSI attributes.  
   Prioritize highway segments using the PSI values by incorporating cost considerations to 
generate the most cost-effective list of highway segments for shoulder paving according 
to the given budget level by the entire state or by the Illinois DOT District. 
 
1.3 REPORT ORGANIZATION 
 
 The report is comprised of seven chapters. Chapter 1 discusses the need for conducting 
a comprehensive study to assess safety impacts of various categories of shoulder paving 
treatments, including paving the existing paved shoulder, widening the existing paved shoulder, 
and adding a new paved shoulder. It also presents specific study objectives. Chapter 2 details 
the information search through a literature review and a questionnaire survey. Chapter 3 
elaborates on the proposed methodology for analyzing safety impacts of highway shoulder 
attributes and shoulder paving in shoulder-related vehicle crash reductions. Chapter 4 
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concentrates on data collection, processing, and preliminary analysis of safety impacts of 
shoulder attributes. Chapter 5 applies the proposed EB-based and cross-sectional analyses to 
evaluate safety impacts of shoulder paving in reducing shoulder-related vehicle crashes. 
Chapter 6 computes the potential for safety improvements resulting from shoulder paving for 
individual highway segments, prioritizes highway segments for maximized overall safety 
improvement benefits, and creates GIS maps to visualize shoulder paving prioritization results. 
Finally, Chapter 7 presents the study’s summary and conclusion. 
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CHAPTER 2  INFORMATION SEARCH 
 
 The information search included: 1) a review of existing literature on the safety impacts 
of shoulder attributes in the country, and 2) a national survey of highway shoulder paving 
practices in the United States using a structured questionnaire.  
 
2.1 REVIEW OF LITERATURE ON SAFETY IMPACTS OF SHOULDER ATTRIBUTES  
 
 The primary shoulder attributes considered in the literature review are shoulder types 
(unpaved and paved), material types, and paved shoulder widths. The unpaved shoulder types 
generally include earth/turf, sod, aggregate, surface treated/sealed, and composite shoulders. 
The material types of paved shoulders are mainly classified as asphalt (including hot-mix 
asphalt and recycled asphalt concrete) and concrete. The paved shoulder widths can be 
categorized into narrow, medium, and wide widths. This section synthesizes related studies that 
have been conducted in the U.S. since 1980.  
 
2.1.1 Safety Impacts of Outside Shoulder Attributes of Interstate Highways 
 Zegeer et al. (1998) conducted a study on vehicle crash rates and the highway 
characteristic for the National Highway System (NHS) and non-NHS system in seven states: 
California, Illinois, Maine, Michigan, Minnesota, North Carolina, and Washington. The majority of 
NHS highways had lane widths of 11ft or more, and many had shoulder width of 5ft or more. 
Compared to NHS non-Interstate highways, NHS Interstate highways were more likely to have a 
lane width of 12ft or over, outside shoulder widths of 8ft or over, paved shoulders, and improved 
median design. The overall crash rates on NHS highways were approximately 10 percent lower 
than those on non-NHS highways. For urban NHS highways, Interstates usually had lower 
crash rates than those of non-Interstates. For rural highways, fixed object crash rates on NHS 
highways were higher than those on non-NHS highways. For non-NHS highways, crash rates 
on urban highways were considerably higher than those of rural highways. The distribution of 
crashes by severity was quite similar for NHS and non-NHS highways.  
 Ksaibati and Crowe (1999) collected data in Wyoming for period 1991-1995 to evaluate 
safety impacts of shoulder attributes. The dataset included 8,785 crashes comprised of 3,953 
Interstate crashes, 4,225 primary crashes, and 607 secondary crashes. The study results 
revealed that adding a 6-ft new paved shoulder would reduce crashes by 47.5 percent. 
Shoulders are more effective under dry conditions than in wet conditions. In other words, when 
the pavement is slippery, wider shoulders would not be as effective as when the pavement is 
dry. Shoulders are more effective during daylight and on tangent sections. It was also found that 
by adding 2ft of paved shoulder to a location with no shoulder, the greatest effect on the percent 
of reduction in crashes could be achieved. The percent reduction in the number of crashes 
would steadily decrease after this point. 
 
2.1.2 Safety Impacts of Outside Shoulder Attributes of Multilane Highways 
 Zegeer and Perkins (1980) investigated different findings of the effects of shoulder width 
and condition on the crashes from related studies in multiple states and then developed some 
conclusions and recommendations. Many of the studies found that crashes were reduced due to 
wider shoulders, particularly for moderate and high volume segments. However, several studies 
also revealed that wider shoulders were associated with increased crashes. The following 
recommendations were given: 
  Shoulder widening projects should not be selected randomly but should be based 
primarily on the incidence of head-on and run-off road crashes or on the presence of 
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oblivious highway safety problems. Shoulder widening should be given to moderate and 
high-volume highways where related crashes are abnormally high. 
  Higher priorities for shoulder widening should be given for horizontal curves and winding 
sections and then to straight, level tangent sections. 
  On rural highways, the optimal shoulder widths would be 6-9ft. 
  Shoulder paving or stabilization is generally desirable if conducted properly. Locations 
that had un-stabilized shoulders and history of shoulder-related crashes should be 
considered for paving stabilization. 
  Fambro (1981) conducted a study on the crash rates and the characteristics on four-lane 
undivided highways without paved shoulders in Texas. Three-year data on 
approximately 30 highway segments were collected for each site. The study revealed 
that crashes rates increased as the traffic volume increased. The absence of the full-with 
paved shoulders increased the rate of run-off-road crashes, especially at the low traffic 
volumes. The run-off-road crash rates for four-lane undivided highways without paved 
shoulders were relatively high and varied considerably with volume, probably due to the 
lack of a paved recovery zone in the instance of departure from the travel lanes. 
  In the Florida study led by Hadi et al. (1995), it was found that increasing unpaved 
shoulder width was estimated to decrease crash rates on four-lane rural highways. 
Furthermore, the use of a paved shoulder of 4-6ft wide was found to be very effective in 
decreasing crashes on rural freeways. In particular, using a 6-ft shoulder width could 
decrease crash rate by 15.7 percent. 
  Souleyrette et al. (2001) collected data on 600 miles of rural four-lane highways in Iowa 
to assess the safety impacts of shoulder attributes. Of which, 91.2 miles of highways 
were with paved shoulders, 452.3 miles of highways were with granular shoulders, and 
45.4 miles of highways were with granular/paved shoulder types. The traffic volumes 
differed for all segments, ranging from 4,000 to 12,000 vehicles per day. Based on the 
study results, effective value from paved shoulders could be obtained with a minimum 
width of 2-3ft. For highway segments with significant bicycle usage, a minimum width of 
4ft was suggested. Wider-paved shoulders might not be cost effective except with very 
high traffic volumes. In addition, these researchers suggested that Iowa might be 
realizing many benefits of paved shoulders from the 14-ft-wide outside lane of four-lane 
highways and 26-ft-wide Super 2 pavement widths, resulting in an effective 2-foot-wide 
paved shoulder surface adjacent to traffic lanes. 
  Fitzpatrick et al. (2005) compared crashes on rural four-lane highways in Texas. The 
highway segments in the four-lane highway dataset represented 882 miles where 4,662 
crashes from 1999-2001 were experienced. It was found that shoulders had a significant 
impact on the safety of rural four-lane highways. Based on predictions of total crashes, 
the ratios of total crashes of no shoulder, and 1-10ft shoulders compared with 8ft wide 
shoulders were given as 1.64, 1.54, 1.45, 1.36, 1.28, 1.20, 1.13, 1.06, 1.00, 0.94, and 
0.88, respectively.   
 
2.1.3 Safety Impacts of Outside Shoulder Attributes of Two-Lane Highways  
 Zegeer et al. (1981) conducted a study to determine the effect of lane width and 
shoulder width on safety benefits for rural two-lane highways in Kentucky and to determine the 
expected cost-effectiveness of lane and shoulder widening. Information concerning highway 
geometrics, crashes, and traffic volumes was obtained for more than 15,000 miles of rural two-
lane highways. Average traffic volume was around 2,500 vehicles per day. Using the before-
after study approach, run-off-road and opposite-direction crashes were the crash types found to 
be associated with narrow lanes and shoulders. Wide lanes had lower crash rates by 10-39 
percent than those for narrow lanes. Widening of shoulder widths from no shoulder to 1-3ft, to 4-
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6ft, and to 7-9ft was found to reduce related crashes by 6 percent, 15 percent, and 21 percent, 
respectively. Widening shoulders from 1-3ft to 4-6ft and to 7-9ft was found to reduce related 
crashed by 10 percent and 16 percent, correspondingly. However, the crash reduction would 
only be 8 percent if widening the shoulder from 4-6ft to 7-9ft. Criteria based on a cost-
effectiveness approach for selecting highway segments for widening were also presented in the 
study. 
 Fambro (1981) conducted a study on the crash rates and the characteristics of two 
different types of Texas rural two-lane highways: two-lane highways without paved shoulder and 
two-lane highways with full-width paved shoulder. Approximately 30 highways of each type were 
selected and three-year data were collected for each site. More than 777 miles of highways and 
16,000 crashes were included in the study database. For each highway type, it was found that 
crash rates increased as the traffic increased. Two-lane highways without paved shoulders had 
higher crash rates and were the most sensitive to changes in the traffic volume. Two-lane 
highways with paved shoulders had lower crash rates until the daily traffic volume reached 
7,500 vehicles. It was concluded that full-width paved shoulders were effective in reducing 
crashes on rural two-lane highways. The lowest fatality rate for two-lane highways with paved 
shoulders was found to be 0.06 fatal crashes per million vehicle miles of travel. The absence of 
the full-width paved shoulders increased the rate of run-off-road crashes, especially at low traffic 
volumes. The two-lane highways with paved shoulders had a fairly uniform rate of run-off-road 
crashes, whereas the rate for two-lane highways without paved shoulders was of a higher level 
and varied considerably with traffic volumes. The most probable reason for the variation and 
high run-off-road rates at low volumes was driver inattentiveness and lack of a paved recovery 
zone for encroached vehicles. 
 Barbaresso and Bair (1983) studied crash implications of shoulder width on two-lane 
rural highways in California.  Data collected for the study were of 673 miles of two-lane 
highways from the Oakland major county highways. By considering traffic volume and sample 
size and other factors, these researchers concluded that highways with shoulders greater than 
3ft and less than 7ft wide had significantly fewer fixed-object crashes than highways with wider 
shoulders. It was further concluded that the fixed object crash frequency was significantly lower 
for highways with shoulders less than 7ft wide than that for highways with wider shoulders. 
Urbanik and Bonilla (1987) assessed safety impacts of inside shoulder removals to increase the 
freeway capacity in California. Data were collected from seven highway segments located in 
Los Angeles country, and one segment located in each of the following counties in southern 
California: Orange, Marin, Alameda, Contra Costa, and San Diego. Many of these segments 
were less than one mile in length, and, except for I-405, all continuous sub-segments were less 
than 2 miles long. The average daily traffic was close to or greater than 100,000 vehicles per 
day for all segments. It was concluded that the absence of a shoulder would increase crash 
severity even if the overall number of crashes decreased. Based on three fatal crashes before 
and seven fatal crashes after the inside shoulder removals, the fatal crash rate for the entire 
before and after treatment period was 0.0031 crash per million vehicle miles of travel. The fatal 
and injury crash rates were further combined on a before-and-after basis, a paired t-test 
indicated that the difference between before and after treatment period was not statistically 
significant. However, the property damage crashes decreased significantly after the removal of 
the inside shoulders. 
 Zegeer et al. (1988) performed a study using data from California, Illinois, Maine, 
Michigan, Minnesota, North Carolina, and Washington to determine the effect on crashes of 
lane widening, shoulder widening, and shoulder paving. Detailed traffic, crash, highway, and 
roadside data were collected on 4,951 miles of two-lane highways in seven states. Statistical 
testing was used along with a crash prediction model to determine the expected crash 
reductions related to various geometric improvements. Crash types found to be most related to 
cross-section features included head-on, sideswipe (same direction and opposite direction), and 
7 
 
run-off-road crashes. The roadway variables found to be associated with a reduced incidence of 
these related crash types are wider lanes, wider shoulders (paved shoulders are slightly safer 
than unpaved shoulders), better roadside conditions, flatter terrain, and lower traffic volumes. 
Lane widening was shown to reduce related crashes by 12 percent for 1ft of widening (for 
example, 10-ft lanes to 11-ft lanes), 23 percent for 2ft of widening, 32 percent for 3ft of 
widening, and 40 percent for 4ft of widening. The effects of shoulder widening on related 
crashes was determined for paved and unpaved shoulders. The percent reductions in head-on, 
sideswipe, and run-off-road crashes are 13 percent and 16 percent for 2ft of unpaved and 
paved shoulder widening per side, 25 percent and 29 percent for 4ft of unpaved and paved 
shoulder widening per side, 35 percent and 40 percent for 6ft of unpaved and paved shoulder 
widening per side, and 43 percent and 49 percent for 8ft of unpaved and paved shoulder 
widening per side, respectively. Zegeer et al. (1994) further investigated the relationships of 
safety and shoulder width using a primary database of approximately 2,400 miles of rural two-
lane, low volume highways with average daily traffic of 2,000 or below from seven states 
(California, Illinois, Maine, Michigan, Minnesota, North Carolina, Washington) used for the 1988 
study. This database was supplemented with data from approximately 1,700 miles of paved and 
unpaved two-lane highways (mostly rural local and collector highways) from Michigan, North 
Carolina, and Utah, which eventually augmented the primary database to approximately 4,100 
miles of rural two-lane, low-volume highways. Two of the independent databases used for 
validation came from Illinois and Minnesota. Based on the primary dataset, the presence of a 
shoulder was found to be associated with a significant crash reduction for lane widths of 10ft or 
wider. For 10-ft lanes, a shoulder of 5ft or greater was found to be needed to affect crash rate 
significantly. For 11ft and 12ft lane widths, shoulders of 3ft or greater were associated with 
significant crash reductions. With 13-ft lanes, the crash rate for shoulders of 5ft or wider was 
one-half that for narrower shoulders. For 8-ft and 9-ft lanes, due to real-world limitations in 
sample sizes (e.g., few highways have wide shoulders with narrow lanes), the effect of shoulder 
width could not be quantified. For 10-ft lanes, crash rates were 0.98 per million vehicle miles of 
travel lower when shoulders exceeded 4ft than for shoulders of 3ft or less. For 11-ft and 12-ft 
lanes, shoulder widths of 3ft or greater reduced the crash rate by 0.56 per million vehicle miles 
of travel as compared with lanes of same lane width, but narrower shoulders. The 11-ft and 12-ft 
lane crash rates were identical after controlling for shoulder widths. 
 Cottrell (1993) conducted cost analysis of paved shoulders. It was found that 32 state 
transportation agencies used paved shoulders on two-lane highways in their design standards 
to some degree. A 2-ft paved shoulder was used by 10 of the 32 state transportation agencies 
and minimum paved shoulder widths of at least 2ft were used by 21 of the 32 state 
transportation agencies. It was revealed that to pave 2ft of shoulders on all two-lane highways 
with pavement widths of 20ft or wider would provide the most widespread impact. This study 
also found that when an unpaved shoulder was changed to a 2ft paved shoulder, a 2.6 percent 
reduction in crash frequency could be realized. When the lane width was increased by 1ft and 
1ft of the shoulder width was paved, a 6.9 percent reduction in crash frequency could be 
realized as compared with only paving a 2-ft shoulder. 
 Hadi et al. (1995) estimated safety effects of cross-section design for various types of 
highways using negative binomial regression. In this study, a largest number of segments were 
taken from the Florida state highway system. For each segment, four years of data on highway 
geometrics, traffic, and crashes were collected from the Florida DOT’s roadway characteristics 
inventory (RCI) system and computerized motor vehicle crash record system. Data from the two 
systems were linked through their common location reference system. Greater shoulder width 
(both paved and unpaved) was found to be associated with lower crash rates on rural two-lane 
highways. In particular, using a 6-ft shoulder width could decrease crash rate by 15.7 percent. 
North Carolina. Klop and Khattak (1999) investigated factors such as shoulder attributes and 
speed limits influencing bicycle crash severity on rural two-lane, undivided highways in North 
8 
 
Carolina. Four-year crash data from 1990 through 1993 including 60 bicyclist fatalities and 947 
injuries were collected for the study. The shoulder width of any size was found to have no 
statistically significant effects on the bicycle crash severity compared to the absence of a 
shoulder. Shoulder widths of 1-3ft did not have a statistically significant influence on the severity 
of the crash compared to all shoulder widths of greater than 3ft. A correlation analysis of speed 
limit and shoulder width variables revealed a significant decrease in injury severity at 90 percent 
confidence level. This suggested that as speed limit increased, the presence of a shoulder 
significantly reduced injury severity in bicycle-related crashes. 
 Abboud et al. (2001) evaluated the crash experience of two-lane rural highways in 
Alabama before and after installing 2-ft and 4-ft shoulders. Data were collected for 263 miles of 
2-ft shoulders and 404 miles of 4-ft shoulders in 11 rural Alabama counties. None of the 
highways evaluated were within incorporated town or city limits. The data included information 
on construction costs and crashes that occurred on 59 highway segments. The study could not 
discern any statistically significant differences in either crash rate or severity rate between 2-ft 
and 4-ft shoulder installations. In addition, this study did not show the increased construction 
cost of 4-ft shoulders on state routes to be justified by an increase in traffic safety unless 
considering the operational benefits such as increased maneuverability at intersections and 
refuge area for inoperable vehicles. 
 Fitzpatrick et al. (2005) compared crashes on rural two-lane highways in Texas. The 
highway segments in the two-lane highway dataset represented 3,944 miles of highways that 
experienced 4,117 crashes from 1999-2001 (0.35 annual crashes per mile). It was found that 
shoulder had a significant impact on the safety of rural two-lane highways. Based on predictions 
of total crashes, the ratios of total crashes of no shoulder, and 1-10ft shoulders compared with 
the 8ft wide shoulders were given as 1.62, 1.52, 1.43, 1.35, 1.27, 1.20, 1.13, 1.06, 1.00, 0.94, 
and 0.89, respectively.   
 Garder (2006) used crash data on rural two-lane highways in Maine to study the safety 
impacts of shoulder attributes. Dataset in this study was provided by Maine DOT and covered 
all head-on crashes for 2000-2002 during which period there were 3,136 reported head-on 
crashes. Of which, 127 were fatal crashes and 235 produced incapacitating but not fatal injuries. 
On average, 12.1 percent of those crashes resulted in fatal or incapacitating injuries. Without 
regard to traffic volumes, highways with no shoulders or 1-ft shoulders had a lower percentage 
of crashes resulting in serious injuries than other highways. The 2-4ft shoulder width category 
had a risk of serious injuries very similar to the average whereas all categories of highways with 
shoulders wider than 5ft had a higher risk of serious injuries than the average for the combined 
shoulder widths of 5-10ft. If combining the highway segments with traffic volumes above 4,000, 
there was a clear tendency that narrower shoulders gave a lower percentage serious injuries 
and wider shoulders (7ft or wider) gave a higher chance of fatalities and incapacitating injuries. 
If combining the highway segments with traffic volumes below 2,000, there was also a tendency 
that no shoulders gave fewer serious injuries than wider shoulders. A similar analysis was 
conducted for rural two-lane highways with traffic volumes above 4,000 and a speed limit of 50 
mph. There was a tendency that wider shoulders had a higher percentage of crashes producing 
serious injuries (23 percent for highways with shoulders at least 7ft wide compared to 18 
percent for highways with narrower shoulders).  
 Gross and Jovanis (2007) estimated safety impacts of changes in shoulder width using 
data collected from rural two-lane undivided highway segments in Pennsylvania. Two safety 
studies were conducted, the first one was case control and the second one was the cohort 
method. In the first study, the analysis focused on head-on, sideswipe, and run-off-road 
crashes. The segments were grouped by facility type, average daily traffic, number of access 
points, lane width, and shoulder width. It was concluded that the crash reduction was reported 
as up to 21 percent when a 9-ft shoulder was compared with no shoulder. The second study 
used a multiplication crash prediction model of related crash types, including head-on, 
9 
 
sideswipe, and run-off-road crashes. This included average daily traffic, lane width, paved and 
unpaved shoulder widths, and roadside hazard rating. Terrain, grade, and horizontal curvature 
were all associated with the number of crashes, but terrain was the only one of the three 
variables included in the model. It was found that for shoulder widening of 2ft and 8ft, the crash 
reductions were 16 to 49 percent for paved shoulders and 13 to 43 percent for unpaved 
shoulders, respectively.    
 Örnek and Drakopoulos (2007) analyzed run-off-road crashes in relation to highway 
features and driver behavior using data on 5,792 miles of rural two-lane highways of Wisconsin 
state highways that had 3-ft paved shoulders. These segments had a run-off-road crash rate of 
50.3 crashes per 100 million vehicle miles of travel. It was found that the crash rate would 
reduce for two-lane rural highways with 3-ft shoulders when additional unpaved shoulder width 
was provided. However, crash rate reductions would taper off for additional unpaved shoulder 
widths in excess of 7ft. When a quadratic regression model was calibrated using total right 
shoulder width (paved plus unpaved width) as the independent variable, it was shown that a 
crash rate became lower as the width increased from 1ft to 10ft. Additional shoulder width did 
not reduce crash rates any more. When it came to run-off-road crashes on rural two-lane 
highways, crash rates decreased in direct relation to the available right shoulder width, up to a 
width of 10ft. An optimal paved shoulder width was found to be 3ft, and additional safety 
benefits correlate well with the width of any available additional unpaved shoulder. 
 
2.2 QUESTIONNAIRE SURVEY OF CURRENT SHOULDER PAVING PRACTICES  
 State traffic/highway/transportation safety engineers in the United States were contacted 
via the Safety Engineer listserv to participate in a 3-week survey in June 2008 regarding current 
shoulder paving practices nationwide. A link to the online survey Website was provided to 
facilitate filling out the questionnaire on-line. An electronic copy of the questionnaire in Microsoft 
Word format was also prepared to allow more options for participation. A respondent may 
choose to submit the completed survey online, via email or by fax.    
 The survey questionnaire consists of thirteen questions. Questions one and two seek 
information on materials used for unpaved and paved shoulders. Question three asks for the 
minimum and maximum width ranges of narrow, medium, and wide width paved shoulders. 
Question four deals with factors influencing shoulder design standards. Question five inquires 
about measures for addressing drop-offs at edge of shoulders to minimize impacts of roadway 
departures. Questions six and seven are concerned with common practices of shoulder paving 
width and thickness. Question eight is related to the useful service lives of paved shoulders 
using difference shoulder paving materials. Questions nine and ten check the type and severity 
category of crashes affected by shoulder type, presence of paved shoulder, and paved shoulder 
width. Question eleven focuses on unit rates of crashes classified by crash severity category. 
Question twelve asks for criteria used for establishing the Property Damage Only (PDO) 
equivalency factors for fatal and injury A, B, and C crashes. Question thirteen inquires 
information on the average costs of shoulder paving treatments using difference types of 
materials. Additional space was provided at the end of the questionnaire to collect comments 
from survey respondents. 
 
2.2.1 Types of Materials Commonly Used for Unpaved Shoulders 
 Table 2.1 summarizes the responses of types of materials commonly used for unpaved 
shoulders. For Interstate highways, 33 percent use aggregates, and 11 percent use surface 
treatments for both inside and outside shoulders. For multilane undivided highways, 44 percent 
of the states use aggregates, and 11 percent uses earth/turf/dirt and sod. For multilane divided 
highways, 33 percent of the states use aggregates, 11 percent uses sod, and 11 percent use 
surface treatments for both inside and outside shoulders. For two-lane highways, 37 percent of 
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the participating states use aggregates, 11 percent use earth/turf/dirt and sod, and 11 percent 
use surface treatments. 
 
Table 2.1. Types of Materials Commonly Used for Unpaved Shoulders 
Unpaved Shoulder  
Material Type 
Interstate Multilane Two-LaneDivided Undivided Inside Outside Inside Outside
Earth/turf/dirt 0% 0% 0% 0% 11% 11%
Sod 0% 0% 11% 11% 11% 11%
Aggregate 33% 33% 33% 33% 44% 67%
Surfaced treated 11% 11% 11% 11% 0% 11%
Others 22% 
 
2.2.2 Types of Materials Commonly Used for Paved Shoulders 
 As shown in Table 2.2, the most commonly used material for shoulder paving is hot-mix 
asphalt, and the least commonly used material is recycled asphalt concrete. Irrespective of 
highway classifications, 78 percent of the participating states use hot-mix asphalt as the 
shoulder paving material. On average, 44 percent, 33 percent, and 22 percent of the states use 
Portland cement concrete for Interstate highways, multilane non-Interstate highways, and two-
lane highways, respectively. In addition, 22 and 11 percent of the states use recycled asphalt 
concrete for Interstate highways, multilane, and two-lane highways, correspondingly. 
 
Table 2.2. Types of Materials Commonly Used for Paved Shoulders 
Paved Shoulder  
Material Type 
Interstate Multilane Two-LaneDivided Undivided Inside Outside Inside Outside
Hot-mix asphalt 78% 78% 78% 78% 78% 78%
Recycled asphalt 
concrete 
22% 22% 11% 11% 11% 11%
Portland cement 
concrete 
44% 44% 33% 33% 22% 22%
Others 11% 
 
2.2.3 Width Ranges of Narrow, Medium, and Wide Width Paved Shoulders  
 As shown in Table 2.3, for divided highways including Interstate and multilane non-
Interstate highways, the outside shoulder width is wider than insider shoulder width. For each 
width range of outside or inside shoulders, the width used for Interstate highways is higher than 
that of multilane non-Interstate highways. The minimum and maximum ranges of narrow, 
medium, and wide width paved shoulders are similar between multilane undivided non-
Interstate and two-lane highways. 
 For Interstate highways, the ranges of narrow, medium, and wide-width paved outside 
shoulders commonly used are 8-10ft, 8-10ft, and 9-12ft. The inside paved shoulder widths are 
4ft, 4-8ft, and 4-10ft, respectively. For multilane divided highways, the ranges of narrow, 
medium, and wide width paved outside shoulders commonly used are 4-10ft, 4-10ft, and 8-12ft. 
The inside paved shoulder widths are 2-6ft, 2-10ft, and 2-10ft. For multilane undivided 
highways, the ranges of narrow, medium, and wide width paved shoulders commonly used are 
1-4ft, 4-10ft, and 8-10ft. For two-lane highways, the ranges of narrow, medium, and wide width 
paved shoulders commonly used are 1-4ft, 4-8ft, and 8-10ft.  
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Table 2.3. Minimum and Maximum Width Ranges of Narrow, Medium, and Wide Width Paved 
Shoulders for Interstate, Multilane, and Two-Lane Highways  
Paved 
Width 
(ft) 
Interstate Multilane Two-Lane Divided Undivided 
Narrow Medium Wide Narrow Medium Wide 
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1 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%      
2 0% 0% 0% 0% 0% 0% 0% 22% 0% 22% 0% 11% 11% 0% 0% 44% 0% 0%
3 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 11%
4 0% 56% 0% 33% 0% 33% 22% 44% 22% 22% 11% 22% 33% 22% 11% 22% 33% 0%
5 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
6 0% 0% 0% 0% 0% 11% 0% 11% 0% 11% 0% 11% 11% 22% 0% 0% 22% 0%
7 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
8 22% 0% 11% 11% 0% 0% 33% 0% 22% 11% 44% 11% 11% 22% 33% 0% 11% 33%
9 11% 0% 11% 0% 11% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
10 22% 0% 22% 0% 67% 44% 33% 0% 33% 11% 44% 22% 11% 11% 56% 0% 0% 67%
11 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
12 0% 0% 0% 0% 11% 0% 0% 0% 0% 0% 11% 0% 0% 0% 0% 0% 0% 0%
> 12 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
 
2.2.4 Key Factors Influencing Highway Shoulder Design Standards  
 As presented in Table 2.4, highway functional classification, traffic volume, and non-
motorized user are found to be key factors influencing shoulder design standards for highways. 
Sixty-seven to 78 percent of the participating states consider highway functional classification as 
the most influential factor. Thirty-three to 67 percent of the states have considered traffic volume 
for shoulder design and 22-33 percent of the states have incorporated non-motorized user 
considerations for shoulder design. In addition, some states have considered truck percentage, 
horizontal alignment, and total roadway width for shoulder design. No state has considered 
vertical alignment, travel way width, and median type and width.    
 Fifty-six percent of the participating states replied in the “other” category. The related 
factors include number of travel lanes, crash history, environmental impacts, surrounding land 
use, and available right-of-way. 
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Table 2.4. Key Factors Influencing Paved Shoulder Design Standards  
Influential Factor 
Interstate Multilane Two-
Lane 
Divided Undivide
d Inside Outside Inside Outside 
Highway functional 
classification  
67% 67% 78% 78% 67% 78% 
Horizontal alignment 11% 11% 11% 11% 11% 11% 
Vertical alignment 0% 0% 0% 0% 0% 0% 
Travel lane width 0% 0% 0% 0% 0% 0% 
Total roadway width 11% 11% 11% 11% 11% 11% 
Median type 0% 0% 0% 0% 0% 0% 
Median width 0% 0% 0% 0% 0% 0% 
Traffic volume 33% 33% 33% 33% 44% 67% 
Truck percentage 11% 11% 0% 0% 0% 0% 
Non-motorized users 22% 22% 22% 22% 33% 33% 
Other 56% 
 
2.2.5 Addressing Drop-offs at Pavement Edges to Minimize Impacts of Roadway 
Departures  
 Of the two listed measures for addressing drop-offs at pavement edges as listed in Table 
2.5, general aggregate shoulder grading is used more popularly than use of “safety edge.” 
Thirty- three percent use general aggregate shoulder grading for Interstate and multilane non-
Interstate highways, while 44 percent of the participating states use this measure for two-lane 
highways. Only 11 percent of the states are currently using “safety edge” to correct drop-offs at 
pavement edges that could minimize impacts of roadway departures.  
 Fifty-six percent of the participating states replied in the “other” category. The related 
measures include 2-ft widening outside lane width for structural support and drop-offs, 
systematic installations of rumble stripes, and 3-ft paved shoulder as minimum to mitigate 
roadway departures. In addition, one state indicated that it is currently in the process of 
modifying standards to use “safety edge” to correct drop-offs at pavement edges.  
 
Table 2.5. Addressing Drop-offs at Pavement Edges to Minimize Impacts of Roadway 
Departures 
Measure 
Interstate Multilane Two-
Lane 
Divided Undivide
d Inside Outside Inside Outside 
Use of "safety edges"  11% 11% 11% 11% 11% 11% 
Use of aggregate shoulder 
grading 
33% 33% 33% 33% 44% 44% 
Other 56% 
 
2.2.6 Common Practices of Shoulder Paving Width 
 Based on responses of the participating states as summarized in Table 2.6, the use of 
narrow, medium, and wide width paved shoulders for Interstate, multilane non-Interstate, and 
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two-lane highways varies from 22 to 67 percent, 0 to 56 percent, and 0 to 33 percent, 
respectively. For Interstate highways, a higher percentage of states use medium and wide width 
paved inside shoulders, but only use wide width paved outside shoulders. For multilane divided 
non-Interstate highways, a higher percentage of states use medium width paved inside 
shoulders and wide width paved outside shoulders. For multilane undivided non-Interstate 
highways, a higher percent of states use medium and wide width paved shoulders. For two-lane 
highways, a higher percent of states use medium width paved shoulders. 
 Twenty-two percent of the participating states replied in the “other” category. They 
indicated that paved shoulder width varies from project to project. Typically, on major highways, 
there will be a minimum of 4-ft paved shoulders, but most projects will pave 6-ft to 8-ft of 
existing shoulder width. Most minor roads will have 2-ft non-paved shoulders.  
 
Table 2.6. Common Practices of Shoulder Paving Width 
Shoulder Paving Width 
Interstate Multilane Two-
Lane 
Divided Undivide
d Inside Outside Inside Outside 
Never uses paved shoulders  0% 0% 0% 0% 0% 0% 
Uses narrow width paved 
shoulders 
22% 0% 22% 0% 11% 33% 
Uses medium width paved 
shoulders 
33% 0% 44% 22% 44% 56% 
Uses wide width paved shoulders 33% 67% 22% 56% 44% 44% 
Other 22% 
 
 
2.2.7 Common Practices of Shoulder Paving Thickness 
 As shown in Table 2.7, 22-33 percent of the participating states indicated that the paved 
shoulder thickness is kept the same as the resurfaced pavement thickness. Eleven to 22 
percent of the states do not use a rigid rule to determine the paved shoulder thickness.  
Forty-four percent of the participating states replied in “other” category. Some states use a 
minimum of 8-10 inch thick shoulders for Interstate highways and 6-inch thick hot-mix asphalt 
concrete for inside and outside shoulders of multilane non-Interstate and two-lane highways. 
Some states use 3-6 inches of paved shoulders. Other states use variable depth from 2 inches 
to full depth of overlays, depending on truck traffic, horizontal curvature, etc. 
 
Table 2.7. Common Practices of Shoulder Paving Thickness  
Shoulder Paving Thickness 
Interstate Multilane Two-
Lane 
Divided Undivide
d Inside Outside Inside  Outside 
Never uses paved shoulders  0% 0% 0% 0% 0% 0% 
Same thickness as resurfaced 
pavements 
22% 22% 33% 33% 33% 33% 
No rigid rule to follow 22% 22% 11% 11% 11% 11% 
Other 44% 
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2.2.8 Estimated Service Lives for Paved Shoulders 
 As summarized in Table 2.8, average service lives of hot-mix asphalt, recycled asphalt 
concrete, and Portland cement concrete are 18, 18, and 26 years, respectively.  
For responses in the “other” category, the respondents indicated that the shoulder useful 
service lives are 10 to12 years if the pavement treatment is part of an overlay, and 20 years if 
the pavement treatment is part of a reconstruction. In general, the service life of paved 
shoulders could be treated the same as the service life of roadway mainline. 
 
Table 2.8. Estimated Service Lives of Paved Shoulders 
  Shoulder Material Type  Average Service Life (Year) 
Hot-mix asphalt 18 
Recycled asphalt concrete 18 
Portland cement concrete 26 
Other 2 
 
2.2.9 Types of Crashes Related to Shoulder Attributes 
 As shown in Table 2.9, generally a higher percent of the participating states indicated 
that the absence/ presence of paved shoulder would affect different types of crashes as 
compared to the percentages given to shoulder type and paved shoulder width. For head-on 
and sideswipe crashes, a higher percent is given to the absence/ presence of paved shoulder 
as those of shoulder type and paved shoulder width. For fixed object crashes, same 
percentages are given to shoulder type, absence/ presence of paved shoulder, and paved 
shoulder width. For overturn crashes, a lower percent is given to paved shoulder width. 
Forty-four percent of the participating states replied in the “other” category. The respondents 
generally indicated that paved shoulder width would be less of an issue when used with rumble 
stripes.  
 
Table 2.9. Types of Crashes Related to Shoulder Type, Absence/ Presence of Paved Shoulder, 
and Paved Shoulder Width  
Crash Type Shoulder Type 
Absence/ 
Presence of 
Paved 
Shoulder 
Paved 
Should
er 
Width 
Head-on crashes with a vehicle in the opposite direction 22% 44% 22%
Sideswipe crashes with a vehicle in the same direction 22% 33% 22%
Sideswipe crashes with a vehicle in the opposite 
direction 
22% 44% 22%
Fixed object crashes in the same or opposite directions 33% 33% 33%
Overturn in road or roadside in the same or opposite 
direction 
33% 33% 11%
Other 44% 
 
2.2.10 Severity Categories of Crashes Related to Shoulder Attributes 
 As presented in Table 2.10, a higher percent of the participating states indicated that the 
absence/ presence of paved shoulder would affect different severity categories of crashes as 
compared to the percentages given to shoulder type and paved shoulder width. For fatal and 
injury A crashes, higher percentages are given to the absence/ presence of paved shoulder and 
paved shoulder width as compared to that of shoulder type. For Type B and Type C injury, and 
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PDO crashes, a higher percent is given to absence/ presence of paved shoulder, and same 
percentages are given to shoulder type and paved shoulder width. 
 Twenty-two percent of the participating states replied in the “other” category. The 
respondents generally indicated that shoulder type, absence/ presence of paved shoulder, and 
paved shoulder width influence all categories of crashes, but it is not clear as to which attribute 
has a higher extent of impacts due to lack of crash data in some instances.  
 
Table 2.10. Severity Categories of Crashes Related to Shoulder Type, Absence/ Presence of 
Paved Shoulder, and Paved Shoulder width  
Crash Severity Category Shoulder Type 
Absence/ Presence 
of Paved Shoulder
Paved Shoulder 
Width 
Fatal 22% 33% 33%
Type A injury - disabling 22% 33% 33%
Type B injury- evident 22% 44% 22%
Type C injury- possible 22% 33% 22%
Property damage only 
(PDO) 
22% 44% 22%
Other (please specify) 22% 
 
2.2.11 Unit Rates of Crashes by Severity Category 
 As listed in Table 2.11, the average unit rates given by the participating states are 
$3,373,333 for a fatal crash, $419,167 for a Type A injury crash, $66,000 for a Type B injury 
crash, $39,000 for a Type C injury crash, and $6,960 for a PDO crash, respectively. 
 
Table 2.11. Unit Rates for Different Crash Severity Categories for Safety Project Evaluation 
Unit Rates for Different Crash 
Severity 
Number of 
responses 
Average Cost of Different 
Crash Severity 
Fatal 5 3,373,333 
Type A injury- disabling 5 419,167 
Type B injury- evident 5 66,000 
Type C injury- possible 4 39,000 
PDO 4 6,960 
 
2.2.12 Criteria Used for Establishing the PDO Equivalent Crashes 
 As summarized in Table 2.12, the average PDO equivalency factors assigned by the 
participating states are 8 for fatal, 6 for Type A injury, 3 for Type B injury, and 2 for Type C injury 
crashes, correspondingly. 
 
Table 2.12. Criteria Used for Establishing the PDO Equivalency Crashes 
Criteria Used for Equivalency Factor PDO Equivalency 
One Fatal crash        
One Type A injury crash  
One Type B injury crash  
One Type C injury crash  
8 PDO crashes 
6 PDO crashes 
3 PDO crashes 
2 PDO crashes 
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2.2.13 Cost Estimates of Shoulder Paving Using Different Materials 
 The average costs of shoulder paving were separately provided for hot-mix asphalt and 
Portland cement concrete. For the use of hot-mix asphalt materials, the costs per linear-foot are 
$69 for inside shoulders of Interstate and multilane divided non-Interstate highways, $119 for 
outside shoulders of Interstate and multilane divided non-Interstate highways, 106 for inside and 
outside shoulders of multilane undivided non-Interstate highways, and $59 for inside and 
outside shoulders of two-lane highways. Only one State provided cost information on shoulder 
paving using Portland cement concrete materials. The average cost of inside and outside paved 
shoulders is $580 per cubic-yard for all classes of highways. 
 
Table 2.13. Cost Estimates of Shoulder Paving using Different Materials  
Average Cost 
Interstate Multilane Two-
Lane 
Divided Undivide
d Inside Outside Inside  Outside 
Hot-mix asphalt ($/ linear foot) 69 119 69 119 106 59 
Portland cement concrete ($/cubic 
yard) 
580 580 580 580 580 580 
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CHAPTER 3  PROPOSED STUDY METHODOLOGY 
 
 The proposed study methodology for assessing safety impacts of shoulder attributes on 
rural and urban Interstates, multilane non-Interstates, and two-lane highways maintained by the 
Illinois DOT consists primarily of the following analytical components: i) a preliminary analysis of 
safety impacts of shoulder attributes using multi-year data; ii) an EB before-after analysis of the 
effect of pavement resurfacing with and without shoulder paving to determine the PSIs resulting 
from shoulder paving; iii) a cross-sectional analysis of the effect of pavement resurfacing with 
and without the shoulder paving to estimate the PSIs with shoulder paving only using the after 
pavement treatment period data; and iv) an optimization model to prioritize highway segments 
for shoulder paving under various constraints to achieve maximized shoulder-related crash 
reductions.   
 SPFs need to be calibrated for different categories of crashes and highway classes in 
order to apply EB analysis. The GIS maps are created for EB-adjusted total and shoulder-
related crashes per year by crash severity category, PSIs resulted from shoulder paving for 
individual segments, and prioritized highway segments for shoulder paving, respectively. 
 
3.1 PRELIMINARY DATA ANALYSIS 
 The preliminary data analysis focuses on obtaining basic information on the distribution 
of highway segments for the analysis, distribution of total and shoulder-related crash 
frequencies per year by crash severity and type, and descriptive statistics of key data items 
associated with individual highways segments. It then analyzes characteristics of shoulder 
attributes and identifies appropriate reference groups classified by shoulder type, shoulder 
width, and traffic volume for the preparation of EB and cross-sectional analyses. Finally, the 
correlation is established between shoulder-related crashes and characteristics of shoulder 
attributes.  
 
3.2 PROPOSED EB ANALYSIS APPROACH 
 
3.2.1 Main Analytical Steps  
 Rural and urban Interstate, multilane, and two-lane highway segments with pavement 
resurfacing and/or shoulder paving treatments are classified as three categories: 
Type I treatment sites with pavement resurfacing and shoulder pavin 
Type II treatment sites with pavement resurfacing and shoulder paving  
Type II treatment sites with pavement resurfacing only  
Treated sites with shoulder paving only  
 Shoulder paving is classified as paving the existing paved shoulder, widening the 
existing paved shoulder, and adding a new paved shoulder the three categories. 
 Data on highway segments with Type I and Type II treatments are used to estimate the 
safety impacts of shoulder paving for rural and urban Interstate, multilane, and two-lane 
highway segments, respectively. Figure 3.1 illustrates the main steps involved with EB analysis.  
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Figure 3.1. Main Steps of the Proposed EB Analysis Approach 
 
3.2.2 Safety Impacts of Type I and Type II Treatments  
 For either Type I treatment (pavement resurfacing and shoulder paving) or Type II 
treatment (pavement resurfacing only), the difference between the observed and expected EB-
adjusted crash frequencies during the after treatment period is an estimate of the safety impacts 
of the treatment. Figure 3.2 illustrates the estimation of safety impacts of Type I Treatment and 
Type II Treatment, respectively. The EB approach for assessing safety impacts of shoulder 
paving are centered on i) estimating EB-adjusted crash frequencies for Type I and Type II 
treatments for the before and after treatment periods, ii) determining the types of fatal, injury, 
and PDO crashes potentially affected by shoulder paving (regarded as shoulder-related crashes 
or target crashes by severity category) in Type I and Type II treatments for the after treatment 
period, and iii) quantifying the safety impacts of shoulder paving. These steps are discussed in 
details in subsequent sections. 
 
Treated highway segments with 
pavement resurfacing and shoulder 
paving (Type I Treatment)  
Treated highway segments with 
pavement resurfacing, without shoulder 
paving (Type II Treatment) 
Step 1b: Observed crash frequency at each 
treated segment during after treatment 
period (Type I and II Treatments) 
Step 2: Develop SPFs using data on 
untreated highway segments  
in the peer group 
Step 3: Predict crash frequency at each 
treated segment for before treatment 
period (Type I and II Treatments) 
Step 4-1: Compute the EB-adjusted 
crash frequency for Type I treated 
segment during the before treatment 
Step 1a: Observed crash frequency at 
each treated segment for before treatment 
period (Type I and II Treatments) 
Step 5-1: Compute crash frequency 
for Type I treated segment for after 
treatment period had it not been 
treated, adjusted from before period 
EB crashes by traffic volume and 
Step 4-2: Compute the EB-adjusted 
crash frequency for Type II treated 
segment during the before treatment 
Step 1b-1: Observed 
crash frequency at 
Type I treated 
segment for after 
treatment period  
Step 1b-2: Observed 
crash frequency at 
Type II treated 
segment for after 
treatment period
Step 6-1: For Type I Treatment, the difference in EB 
and observed crash frequencies for after treatment 
period is the safety impacts of pavement resurfacing 
d h ld i
Step 6-2: For Type II Treatment, the difference in EB 
and observed crash frequencies for the after treatment 
period is the safety impacts of pavement resurfacing 
Step 6-3: The change in the differences of crash frequencies established in Step 6-1 
and Step 6-2 is the safety impacts of shoulder paving 
Step 5-2: Compute crash frequency 
for Type II treated segment for after 
treatment period had it not being 
treated, adjusted from before period 
EB crashes by traffic volume and 
Untreated highway segments from the peer
group without pavement resurfacing and 
shoulder paving 
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Figure 3.2. Illustration of Safety Impacts of Type I Treatment or Type II Treatment 
 
3.2.3. Calibration of Highway Segment SPFs 
 For implementing the EB analysis, data on untreated highway segments (i.e., highway 
segments without Type I treatment or Type II treatment) in comparison groups need to be used 
to calibrate SPFs for rural and urban Interstate, multilane, and two-lane highway segments that 
with which a set of explanatory variables come together to provide statistically significant 
responses to vehicle crashes. The SPF, if correctly specified, is capable of explaining random 
observation responses for all experimental conditions. The three important considerations for a 
good SPF are an appropriate set of response variable, explanatory variables, and a model type 
that adequately explains the relationship between the selected response variable and 
explanatory variables.  
 
 Selection of Response Variable. Two forms of the dependent variables, crash counts 
and crash rates, were used in the past for the development of SPFs. Crash counts refer to the 
number of observed crashes while the crash rates are the crash counts divided by the traffic 
exposure (usually in millions of vehicle miles traveled). Models that use crash rates as the 
dependent variable implicitly assume a linear relationship between traffic exposure and number 
of crashes. Recent studies by Hauer (1997) and Tarko et al. (2000) have shown that this 
assumption may not be valid. The choice of crash counts as the response variable and having 
the traffic exposure as an independent variable however allows for estimation of the exact 
relationship between number of crashes and traffic exposure. In this study, the crash counts in 
terms of number of fatal, injury, PDO, and total crashes per year per segment are chosen as the 
response variable for developing SPFs for rural and urban Interstate, multilane, and two-lane 
highways, respectively.  
 Selection of Explanatory Variables. A number of variables have been found to provide 
explanation for highway segment related vehicle crashes. The primary importance of traffic as 
an explanatory factor for vehicle crashes relative to other highway variables has long been 
acknowledged, as found in existing SPFs. The explanatory variables used in this study had to 
be selected from the data elements available in the database provided by the Illinois DOT and in 
particular, in reference to work already done under ICT Project R27-20 titled "Develop Safety 
Performance Functions for Illinois". Key explanatory variables considered in the current study 
are:  
 
  Observed crash frequency during before treatment period 
 Observed crash frequency during after treatment period  
□   Predicted crash frequency during before treatment period using the SPF 
○ EB-adjusted crash frequency 
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- Segment Annual Average Daily Traffic (AADT) 
- Segment truck volume 
- Segment length 
- Lane width 
- Outside shoulder type  
- Outside paved shoulder width  
- Median type 
- Median width 
- Speed limit 
- One-way or two-way operation 
- Access control 
- Truck route designation 
 
Consideration of Model Types. As well documented in existing literature review, SPFs have 
been developed using Poisson, negative binomial, and lognormal models. These models will 
form the basis of model calibration in current study. 
 a. Poisson Model versus Negative Binomial Model. The choice of model form typically 
depends on the nature of the response variable and its relationships with the explanatory 
variables. Linear models have been found to be unsuitable for crash modeling because of the 
non-negative and discrete nature of crash data. Secondly, the error terms of crash data are 
typically not normally distributed as implicitly assumed in linear modeling (Jovanis and Chang, 
1985). Model forms such as the Poisson and negative binomial models have become well 
accepted for modeling discrete rare events such as crash occurrences (Miaou et al., 1993). The 
general form of the Poisson probability function is given by: 
!y
e)yY(P
i
y
i
i
ii                                                                                                  (3-1) 
where P(Y=yi) =  probability of yi crashes on segment i in a selected time period, and  µi = mean 
number of crashes on segment i in a selected time period. 
The Poisson model assumes that crashes occurring on a particular roadway segment are 
independent of one another and the mean number of crashes per unit time is characteristic of 
the given site and of other sites with the same properties. The mean is assumed to depend on 
physical characteristics of the road segment and is given by: 
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            (3-2) 
where µi = expected number of crashes on section i in a selected time period, xij = explanatory 
variables, and βi = coefficients to be estimated. 
The Poisson regression is estimated using the standard maximum likelihood methods by 
applying the likelihood function. 
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            (3-3) 
where β =  vector of coefficients (β0, β1, ...., βn), yi  =  observed crash count on section i, and µi = 
expected number of crashes on section i. 
  
 The value of β that maximizes the log likelihood function is the estimated coefficient 
vector β and the estimated value of µi is the expected crash frequency. 
 A major limitation of the Poisson regression model is that the variance of the dependent 
variable is constrained to be equal to its mean. If the data is over-dispersed, i.e., if the variance 
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is greater than the mean then the coefficient vector β will be biased. To overcome such 
limitation, the negative binomial distribution (a generalized form of the Poisson model) has been 
recommended (Jovanis and Chang, 1985). The negative binomial distribution adds to the 
variance a quadratic term that represents the overdispersion. This allows for extra Poisson 
variation due to variables not included in the model. The negative binomial model is given by the 
following formula: 
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where α =  overdispersion parameter estimated by the maximum likelihood technique, and  = 
Gamma function. 
 
 Unlike the Poisson model where the variance is restricted to be equal to the mean, the 
variance of the negative binomial model is given by: 
Var(Y) = (1 )i i                                                                                                           
            (3-5) 
 The negative binomial regression model is estimated using the standard maximum 
likelihood methods by applying the likelihood function shown as Equation 2-6: 
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where α  = overdispersion parameter, β = vector of coefficients (β0, β1, ...., βn), yi = observed 
crash count on section i, and µi  = expected number of crashes on section i. 
  
 The selection of the negative binomial over the Poisson model for crash modeling is 
determined by the statistical significance of the overdispersion factor. If the overdispersion 
factor is not significantly different from zero, then the negative binomial model simply reduces to 
a Poisson regression where the variance equals the mean. If it is greater than zero, then the 
negative binomial is the correct choice, while the Poisson model is inappropriate.  
 
 b. Zero Inflation Considerations. The crash dataset may exhibit a large number of 
observations with zero crash occurrences (i.e., many segment without experiencing any crash in 
a given year). This case can be handled by zero-inflated Poisson model or negative binomial 
model. In the model calibration process, both model forms (with or without zero crash inflation) 
were investigated. 
 
 Model Evaluation. Besides selecting an appropriate model form for the analysis, the 
statistical significance of the estimated regression coefficient for each independent variable was 
investigated, That is, the null hypothesis that the coefficient is zero should be rejected if the 
variable is statistically significant. In addition, the sign and magnitude of each estimated 
coefficient should be practical and justifiable from an engineering viewpoint. For the present 
study, the modeling process using the Poisson and negative binomial models was 
accomplished using the NLOGIT econometrics software package (Greene, 2002). The NLOGIT 
software yields estimates of the coefficients and standard error for each coefficient from which 
the p-values and t-statistics can be computed.  The t-statistic of each estimated coefficient is the 
estimated coefficient divided by the estimated standard error. The p-value is the probability that 
a normal random variable has an absolute value larger than the t-statistic obtained. If the p-
value is small, then there is adequate evidence that the corresponding variable is significant, 
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namely, the difference between the coefficient estimate and zero arises not from chance but 
from a systematic effect. 
 The model should also have a reasonable predictive and explanatory ability as indicated 
by goodness-of-fit measures and statistics. For Poisson and negative binomial models, the 
likelihood ratio test is a common test used to assess two competing models. It provides 
evidence in support of one model, usually a full or unrestricted model, over another competing 
model that is restricted (i.e., model having only the constant term). The likelihood ratio test 
statistic is given by: 
)]()([2 URm LLLLD                                                                                                      
            (3-7) 
where LL(βR)  = log-likelihood at convergence of the restricted model, and LL(βU) =  log-
likelihood at convergence of the unrestricted model.  
 
 The Dm statistic is χ2 distributed with the degrees of freedom equal to the difference in 
the numbers of coefficients in the restricted and unrestricted model. Miaou (1996) developed a 
goodness of fit measure for negative binomial crash models that is explicitly based on the 
overdispersion parameter and given by the relation: 
max
2 1R 
                                                                                                                                       
            (3-8) 
where αmax = dispersion parameter estimated in the restricted model, and α = dispersion 
parameter estimated in the unrestricted model. 
 
 The Rα statistic is simple to calculate and yields values between 0 and 1. It is 
independent of the choice of intercept term in the model. It increases proportionally when 
independent variables of equal importance are added to a model regardless of the order in 
which they are added.  
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3.2.4 Computation of EB-Adjusted Crash Frequencies for the before Treatment Period  
 For a site receiving either Type I treatment or Type II treatment, the EB adjusted crash 
frequency that corrects the regression-to-the-mean bias for the before treatment period needs to 
be estimated to begin with EB analysis. Typically, the EB adjusted crash frequency for the 
before treatment period is defined as: 
 
 BBB O×)w-1(+P×w=EB                                                                                                                
           (3-9) 
where EBB is the EB-adjusted crash frequency in n years for the before treatment period, w is 
the determined weight factor, PB is the number of predicted number of crashes for the before 
treatment period, OB is the total number of crashes observed in n years for the before treatment 
period. Based on this analysis, the longer the observations are made, the smaller the weight 
factor, which makes the EB-adjusted crash frequency, weighted more towards the observed 
number of crashes.  
 The weighting factor w for a given highway segment can be established on the basis of 
the overdispersion parameter determined in the process of calibrating the SPFs as 
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where α is the overdispersion parameter for crash frequency per mile per year, Pn,B is the 
predicted crash frequency for the highway segment in year n for the before treatment period, 
and n=1, 2, …, N. 
 
3.2.5 Computation of EB-Adjusted Crash Frequencies for the after Treatment Period  
 For a site receiving either Type I treatment or Type II treatment, the EB adjusted crash 
frequency for the before treatment period can be used to predict EB-adjusted crash frequency 
for the after treatment period that represent the number of crashes to be expected for the after 
treatment period had such treatment not been implemented. The computation mainly needs to 
consider changes in traffic volume and segment length between the before treatment period and 
the after treatment period as  
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where EBB is the EB-adjusted crash frequency for the before treatment period, EBA is the EB-
adjusted crash frequency for the after treatment period had the treatment not been implemented, 
AADTn and AADTm are annual average daily traffic for the before and after treatment periods,  
and LengthB and LengthA are highway segment length before and after treatment periods. 
 
3.2.6 Types of Crashes Affected by Shoulder Paving 
 The EB-adjusted crash frequencies for fatal, injury, and PDO crashes for the after 
treatment period represent the number of crashes to be expected if no treatment were to be 
implemented in the after treatment period. Regardless of Type I treatment or Type II treatment, 
for fatal, injury, and PDO crash severity categories only some types of crashes are potentially 
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affected by shoulder paving. These types of crashes are called shoulder-related crash types, 
which mainly include the following: 
Crash type 1: head-on crash with a vehicle in the opposite direction 
Crash type 2: sideswipe crash with a vehicle in the same direction (for multilane highways) 
Crash type 3: sideswipe crash with a vehicle in the opposite direction 
Crash type 4: fixed object on the left or right side of the roadway 
Crash type 5: overturn in road or roadside, on the left or right 
  
 Because shoulder-related crashes must show evidence of a vehicle leaving the road, the 
above five types of crashes can be re-grouped into the following: 
 Crash group 1: run-off-the-road right, then occurred head-on and sideswipe crashes 
with a vehicle in the opposite direction (crash type 1 + crash type 3) 
 Crash group 2: run-off-the-road right, then occurred sideswipe crash with a vehicle in 
the same direction (for multilane highways) (crash type 2) 
 Crash group 3: run-off-the-road right, then collided with fixed object (crash type 4) 
 Crash group 4: run-off-the-road right, then overturn in road or roadside involving 
single vehicle (portion of crash type 5) 
Crash group 5: run-off-the-road right, then overturn in road or roadside involving multiple 
vehicles (portion of crash type 5). 
  
 As such, the safety impacts of shoulder paving on a highway segment with Type I 
treatment or Type II treatment in terms of reduction in number of fatal, injury, and PDO crashes 
for the after treatment period can be separately estimated as: 
 
Shoulder paving related reduction in fatal crashes: F,AF,A
_
F,AF,A p×]OEB[=Δ                                
            (3-12) 
Shoulder paving related reduction in injury crashes: I,AI,A
_
I,AI,A p×]OEB[=Δ                                  
            (3-13) 
Shoulder paving related reduction in PDO crashes: P,AP,A
_
P,AP,A p×]OEB[=Δ                                  
            (3-14) 
where ∆A,F, ∆A,I, and ∆A,P are shoulder paving related reduction in number of fatal, injury, and 
PDO crashes for the after treatment period for highway segments with Type I treatment or Type 
II treatment; EBA,F, EBA,I, and EBA,P are the EB adjusted crash frequencies for the after 
treatment period had the treatment not been implemented; OA,F, OA,I, and OA,P are the actual 
crash frequencies for the after treatment period; and pA,F, pA,I, and pA,P are the proportion of 
head-on, sideswipe-same direction, sideswipe-opposite direction, fixed object, and overturn 
crashes involving single vehicle, and multiple vehicles in observed fatal, injury, and PDO 
crashes for the after treatment period, respectively. 
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3.2.7 Establishment of Comparison Groups for EB-Based Safety Impacts Analysis 
 Having estimated reductions in fatal, injury, and PDO crashes on highway segments with 
Type I treatment (pavement resurfacing and shoulder paving) and Type II treatment (pavement 
resurfacing only) for the after treatment period, the segments with either type of treatments need 
to be properly grouped. Then, the differences of crash reductions between Type I and Type II 
treated highway segments in comparison groups can be regarded as safety impacts of shoulder 
paving. In this study, the comparison groups for rural and urban Interstate, multilane, and two-
lane highways are separately established by i) shoulder paving category; ii) daily traffic; iii) lane 
width, iv) outside paved shoulder width, and v) combined lane width and outside paved shoulder 
width after treatments. Table 3.1 lists details of grouping of highway segments with Type I 
treatment and Type II treatment for the analysis. 
 
Table 3.1. Factors Considered for Highway Segment Grouping  
Factor  Detailed Grouping Method 
Shoulder Paving Category - Paving the existing paved shoulder 
- Widening the existing paved shoulder  
- Adding a new paved shoulder  
Traffic - AADT 
   Interstate ( 30,000, > 30,000) 
   Multilane ( 20,000, 20,000-30,000, > 30,000) 
 Two-lane ( 10,000, 10,000-20,000, > 20,000) 
- Daily Traffic per Lane ( 5,000, 5,000-10,000, > 10,000) 
Lane Width - Lane width ( 12ft, > 12ft) 
Outside Paved Shoulder Width 
After Treatment 
- Unpaved shoulder  
- Narrow width paved shoulder (1-4ft)  
- Medium width paved shoulder (5-8ft) 
- Wide width paved shoulder (> 8ft) 
Combined Lane and Paved 
Shoulder Width After Treatment 
- Total of lane and paved shoulder width ( 20ft, > 20ft) 
 
3.2.8 Determination of Safety Impacts of Shoulder Paving  
 The safety impacts of shoulder paving are separately assessed using average and 
standard deviation of percentage reductions in shoulder-related fatal, injury, and PDO crashes.  
Also, different sets of average and standard deviation of percentage reductions in shoulder-
related crashes were computed for paving, widening, and adding paved shoulders, respectively.  
Average Percentage Reductions in Shoulder-Related Crashes. For each group of rural and 
urban Interstate, multilane, and two-lane highway segments with Type I and Type II treatments, 
the safety impacts of shoulder paving (paving, widening, and adding) are separately expressed 
by percentage reductions in fatal, injury, and PDO crashes as  
L
pEB
K
pEB
Eff
∑∑
L
1l IIType,F,A,lIIType,F,A,l
IIType,F,A,l
K
1k IType,F,A,kIType,F,A,k
IType,F,A,k
F
 














                                                (3-15) 
L
pEB
K
pEB
Eff
∑∑
L
1l IIType,I,A,lIIType,I,A,l
IIType,I,A,l
K
1k IType,I,A,kIType,I,A,k
IType,I,A,k
I
 














                                                        
            (3-16) 
26 
 
L
pEB
K
pEB
Eff
∑∑
L
1l IIType,P,A,lIIType,P,A,l
IIType,P,A,l
K
1k IType,P,A,kIType,P,A,k
IType,P,A,k
P
 














                                                     
            (3-17) 
where EffF, EffI, and EffP are safety impacts of shoulder paving in terms of percentage reduction 
in fatal, injury, and PDO crashes; ∆k,A,F,Type I and ∆l,A,F,Type II,  ∆k,A,I,Type I and ∆l,A,I,Type II, ∆k,A,P,Type I 
and ∆l,A,P,Type II are net reductions in fatal, injury, and PDO crashes resulted from shoulder paving 
for the after treatment period for highway segment k with Type I treatment and highway 
segment l with Type II treatment; EBk,A,F,Type I and EBl,A,F,Type II,  EBk,A,I,Type I and EBl,A,I,Type II, 
EBk,A,P,Type I and EBl,A,P,Type II are EB-adjusted fatal, injury, and PDO crashes for the after 
treatment period for highway segment k with Type I treatment and highway segment l with Type 
II treatment; pk,A,F,Type I and pl,A,F,Type II,  pk,A,I,Type I and pl,A,I,Type II, pk,A,P,Type I and pl,A,P,Type II are the 
proportion of shoulder-related fatal, injury, and PDO crashes for the after treatment period for 
highway segment k with Type I treatment and highway segment l with Type II treatment; K and 
L are number of highway segments in Type I treatment group and Type II treatment group, 
respectively.  
 
Standard Deviations of Percentage Reductions in Shoulder-Related Crashes. In addition to 
establishing the average percentage reductions in shoulder-related crashes from shoulder 
paving, the standard deviations of average percentage reductions in shoulder-related crashes 
were computed for paving, widening, and adding paved shoulders using the following equation: 
 
=                 (3-18) 
 
where STDEV{EFFs} is the standard deviation of percentage reduction in shoulder-related 
crashes from shoulder paving for crash severity category s, EFFs is the percentage reduction in 
shoulder-related crashes from shoulder paving for crash severity category s, Var(RI,s) is the 
variance of percentage reduction in shoulder-related crashes for highway segment with Type I 
treatment for crash severity category s, Var(RII,s) is the variance of percentage reduction in 
shoulder-related crashes for highway segment with Type II treatment for crash severity category 
s, s is for fatal, injury, and PDO crashes, respectively.  
 
3.3 PROPOSED CROSS-SECTIONAL ANALYSIS APPROACH  
 In addition to EB before-after analysis of safety impacts of shoulder paving, cross-
sectional analysis is also proposed rural and urban Interstate, multilane, and two-lane highways 
using after treatment period data for the Type I and Type II treated highway segments, 
respectively. Assuming that all roadway factors except for pavement resurfacing and shoulder 
paving for Type I treated highway segments and pavement resurfacing for Type II treated 
highway segments remained unchanged, the percentage reductions in crash frequencies 
between Type I and Type II treated highway segments for the after treatment period are the 
safety impacts of shoulder paving. Since cross-sectional analysis only utilizes data for the after 
treatment period, the results are valid only if no substantial differences of vehicle crashes 
between the Type I and Type II treated highway segments in the before treatment period are 
confirmed in a separate comparability analysis. For rural and urban Interstate, multilane, and 
two-lane highways, the comparability of Type I and Type II treated highway segments is 
separately tested using Analysis of Variance (ANOVA) according to three criteria: 
- Physical comparison of daily traffic per lane  
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- Comparison of fatal, injury, and PDO crash frequencies in number of crashes per lane-mile 
per year 
- Comparison of shoulder-related fatal, injury, and PDO crash frequencies in number of 
crashes per lane-mile per year. 
3.3.1 Comparability Analysis of Type I and Type II Treated Highway Segments for before 
Treatment Period 
 For rural and urban Interstate, multilane, and two-lane highways, the one-way ANOVA 
model for comparability analysis of Type I and Type II treated highway segments for before 
treatment period is of the following specification: 
 
yij =  + τj + εij                                                                                                                            
            (3-19) 
 
where three sets of values are used for yij, including shoulder-related total crashes per lane-mile 
per year, total fatal, injury, and PDO crashes per lane-mile per year, and per lane AADT for 
highway segment i receiving type j treatment in the before treatment period;  is the average 
value of per lane-mile crash frequency or per lane AADT, τj is the difference in per lane-mile 
crash frequency for shoulder-related crashes, per lane-mile crash frequency for fatal, injury or 
PDO crashes, or per lane AADT from the average for sites receiving jth treatment, i = 1, 2, …, nj 
for number of sites receiving jth treatment, and  j= 1, 2 for Type I and Type II treatments.  
 
3.3.2 Estimation of Aggregated Safety Impacts of Shoulder Paving  
 For Type I and Type II treated highway segments confirmed to be compatible in vehicle 
crashes in before treatment period, one-factor factorial ANOVA model is used to separately 
estimate aggregated safety impacts of shoulder paving for rural and urban Interstate, multilane, 
and two-lane highway segments using crash data for the after treatment period as follows: 
  
yim =  + Ti+ εm(i)                                                                                                                           
            (3-20) 
 
where yim is shoulder-related fatal, injury or PDO per lane-mile crash frequency per year for Type 
I and Type II treated highway segments in after treatment period;  is the average value of per 
lane-mile shoulder-related crash frequency per year; Ti is the difference in per lane-mile crash 
frequency per year between Type I and Type II treated highway segments; i= 1, 2 for Type I and 
Type II treated highway segments; and m is number of replications.  
 
3.3.3 Estimation of Safety Impacts of Shoulder Paving Classified by Various Factors  
 For compatible Type I and Type II treated highway segments, ideally the safety impacts 
of shoulder paving for rural and urban Interstate, multilane, and two-lane highways in terms of 
percentage reductions in shoulder-related fatal, injury, and PDO crashes could be assessed by 
simultaneously considering factors of treatment type, per-lane daily traffic, lane width, and 
outside paved shoulder width, respectively. A four-factor factorial ANOVA model could be used 
for the analysis: 
   yijklm =  + Ti + Vj +LWk + OSWl + Ti×Vj + Ti×LWk + Ti×OSWl + Vj×LWk + Vj×OSWl  
           + Ti×Vj×LWk + Ti×Vj×OSWl + Vj×LWk×OSWl +Ti×Vj×LWk×OSWl + εm(ijkl)                  (3-21) 
    
where yijklm is shoulder-related fatal, injury or PDO crash frequency for Type i treatment site 
(Ti) associated with traffic volume range j (Vj), lane width range k (LWk), and outside paved 
shoulder width range l (OSWl); i= 1 for Type I treatment and i= 2 for Type II treatment; j= 1, 2, …, 
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J volume ranges; k= 1 for lane width not exceeding 12ft and k= 2 otherwise; l= 1 for outside 
paved shoulder width not exceeding 8ft and k= 2 otherwise; and m is number of replications. 
 For  comparable Type I and Type II treated highway segments, only limited data are 
available for rural and urban Interstate, multilane, and two-lane highway segments involved with 
paving the existing paved shoulder, widening the existing paved shoulder, and adding a new 
paved shoulder. This restricts safety impacts analysis of shoulder paving to consider one factor 
at a time among per-lane daily traffic, lane width, and outside paved shoulder width. As a 
consequence, the four-factor factorial ANOVA model as Equation (3-21) is reduced to three 
separate two-factor factorial ANOVA models as shown in the following: 
 
yijm = 1 + Ti,1 + Vj + Ti,1×Vj + + εm(ij)                                                                                        (3-22)    
yikm = 2 + Ti,2 + LWk + Ti,2×LWk + εm(ik)                                                                                   (3-23)   
yilm = 3 + Ti,3 + OSWl + Ti,3×OSWl + εm(il)                                                                               (3-24)   
 
 The ratios of (T2,1- T1,1) and (1+T2,1), (T2,2- T1,2) and (2+T2,2), and (T2,3- T1,3) and (3+T2,3) 
established using Equations (3-22), (3-23), and (3-24) are percentage reductions in shoulder-
related fatal, injury, and PDO crashes, respectively. Different sets of ratios are calculated for 
rural and urban Interstate, multilane, and two-lane highway segments involved with shoulder 
paving classified as paving the existing paved shoulder, widening the existing paved shoulder, 
and adding a new paved shoulder.   
 
3.4 PRIORITIZATION OF UNTREATED HIGHWAY SEGMENTS FOR SHOULDER PAVING 
 The prioritization of untreated highway segments for shoulder paving is accomplished by 
executing the following analytical steps:  
1. Determine the highway network for shoulder paving prioritization and analysis period.  
2. Estimate PSIs for individual segments resulted from pre-determined shoulder paving options. 
3. Compute shoulder paving costs for individual segments. 
4. Formulate an optimization model for shoulder paving prioritization under constraints. 
 
3.4.1 Determination of Highway Network and Analysis Period 
 Network selection involves identifying a subset of untreated highway segments of 
interest from the entire Illinois state-maintained highway network according to highway 
functional class, county, district or combinations of these attributes. For the purpose of current 
study, the analysis period for shoulder paving is restricted to one year. 
 
3.4.2 Estimation of PSIs of Shoulder Paving for Untreated Highway Segments  
 To prioritize untreated highway segments for shoulder paving, it requires prior 
knowledge of estimated PSIs per year for each untreated highway segment as net reductions in 
fatal, injury (A, B, C), and PDO crashes per year after the implementation of shoulder paving. 
First, the EB-adjusted fatal, injury, and PDO crashes per year for an untreated highway segment 
need to be computed as weighted sum values of field observed and SPF predicted crash 
frequencies, respectively. Then, the portions of shoulder-related fatal, injury, and PDO crashes 
as fractions of the respective EB-adjusted crashes need to be estimated. Further, marginal 
impacts of shoulder paving that measure percentage reductions in shoulder-related fatal, injury, 
and PDO crashes for paving the existing paved shoulder, widening the existing paved shoulder 
or adding a new paved shoulder as appropriate can be used to determine PSIs for an untreated 
highway segment proposed for shoulder paving. Finally, the annual PSIs as shoulder paving 
benefits can be expressed in two ways: 1) Dollar benefits per year per segment by applying unit 
rates for fatal, injury (A, B, C), and PDO crashes to the estimated PSIs; and 2) EIB (Equivalency 
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of Type B Injury) benefits per year per segment by converting PSIs as reductions in fatal, Type 
A injury, and Type B injury crashes into Type B injury equivalency values.             
 
3.4.3 Estimation of Shoulder Paving Costs for Untreated Highway Segments  
 For a given highway segment, its shoulder paving cost can be estimated based on newly 
paved shoulder width and the unit cost per unit area for the treatment. For paving the existing 
paved shoulder and adding a new paved shoulder, the entire paved shoulder width is counted 
towards cost estimation. For widening the existing paved shoulder, the widened portion of 
paved shoulder width is considered for cost estimation.  
 
3.4.4 Formulation of an Optimization Model for Shoulder Paving Prioritization 
 Transportation agencies at all levels typically have a budgetary limit for safety 
improvements in each year. A limited budget for annual shoulder paving is no exception. 
Therefore, the budget constraint needs to be considered in the quest to establish a network-
level optimal shoulder paving program. For the current study, an optimization model formulated 
as the zero/one integer Knapsack problem is chosen for network-level shoulder paving 
prioritization as follows:  
Maximize   ( )∑∑
N
1=i
3
1=k
ikik X×PSI                                                                                   
(3-25)  
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          Xik = 0/1 integer                                                                                   (3-28) 
 
where PSIik = annual PSIs for untreated highway segment i receiving kth category of shoulder 
paving treatment, in annual dollar benefits or EIB benefits; Li = length of segment i; α = a fraction 
value between 0 and 1 representing a certain percentage of total mileage of all untreated 
segments; Xik = 0/1 integer value for rejection or selection of an untreated segment to receive kth 
category of shoulder paving treatment; and k = 1, 2, and 3 for paving the existing paved 
shoulder, widening the existing paved shoulder, and adding a new paved shoulder, respectively.  
 The objective function of the model as Equation (3-25) is to maximize the total annual 
PSIs (either using dollar benefits or EIB benefits) that could be resulted from all the untreated 
segments selected for shoulder paving, including paving the existing paved shoulder, widening 
the existing paved shoulder or adding a new paved shoulder. The model constraints as 
Equations (3-26) to (3-28) are annual budget available for treating a certain percentage of total 
mileage of all untreated highway segments, at most one of the three categories of shoulder 
paving treatments could be implemented if a highway segment is selected for shoulder paving, 
and zero/one integer values of decision variables representing rejection or selection of 
untreated highway segments for shoulder paving.   
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CHAPTER 4  DATA COLLECTION, PROCESSING, AND PRELIMINARY 
ANALYSIS 
 
4.1 DATA COLLECTION 
 Historical data on highway geometry, system usage, pavement 3P/3R (Pavement 
Preservation Policy/Resurfacing, Restoration or Rehabilitation) treatments, shoulder paving, and 
vehicle crashes were collected from rural and urban Interstates, multilane non-Interstates, and 
two-lane highways within the jurisdiction of the Illinois DOT. In total, four sets of data were 
distributed to this research team as listed in the following: 
  The first dataset was received from the University of Illinois at Urbana-Champaign on 
September 17, 2008. The data file is titled “crash_geo” containing geo-coded information 
on highway geometry, system usage, and fatal and type A injury crashes occurred on 
Illinois rural highways in 2002-2006. 
  The second dataset was received from CH2M HILL on October 29, 2008 with permission 
from the Illinois DOT. The entire dataset consists of three sub-datasets. The first subset 
includes three shape files, “Hwy01_S”, “HWY04_SW”, and “hwy2007_s”, which contain 
2001, 2004, and 2007 roadway inventory data from the Illinois Roadway Information 
System (IRIS), respectively. The second subset includes two files, 
“hwy2007_StatetoStateSegments” and “2007_Interstate&Interchanges”. These files 
contain geometry information on homogeneous non-Interstate and Interstate highway 
segments in Illinois created by the CH2M HILL for identifying top five percent high crash 
locations in 2007. The third subset includes Microsoft Access files “CrashExtract 2000”, 
“CrashExtract 2001”, “CrashExtract 2002”, “CrashExtract 2003”, “CrashExtract 2004”, 
“CrashExtract 2005”, and “CrashExtract 2006” covering crash records for period 2000-
2006. 
  The third dataset was received from Illinois DOT on October 3, 2008. It includes one pdf 
file titled “shoulder” that contains information on shoulder treatment contracts 
implemented by the Illinois DOT during 2002-2008. 
  The fourth dataset was received from Illinois DOT on October 15, 2008. The entire 
dataset consists of seven pdf files titled “FY02-3P3RAccompForZongLi10-15-08”, 
“FY03-3P3RAccompForZongLi10-15-08”, “FY04-3P3RAccompForZongLi10-15-08”, 
“FY05-3P3RAccompForZongLi10-15-08”, “FY06-3P3RAccompForZongLi10-15-08”, 
“FY07-3P3RAccompForZongLi10-15-08”, and “FY08-3P3RAccompForZongLi10-15-08”. 
These files contain detailed information on pavement 3P/3R treatment contracts 
implemented by the Illinois DOT during the fiscal year period of 2002-2008.  
 
 A quick examination of the above listed datasets revealed that they were prepared in 
different years using different data formats. Some of them are with geo-coding information, 
some are not. Often, they are in lack of a unique identifier for data concatenation and this 
makes the effort for data processing quite challenging. To initiate the preliminary data analysis 
process, information on roadway inventory, system usage, crashes, pavement 3P/3R 
treatments, and shoulder paving needs to be integrated for individual highway segments. Based 
on the completeness of available data, we decided to use 2000-2006 data for further 
processing.  
 
4.2 DATA PROCESSING  
 The data integration is essentially the first step that we need to complete for any further 
progress on preliminary data analysis. The data processing was broken into four large pieces:  
1. The compilation of highway segment data  
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2. Matching of pavement treatment details to highway segments  
3. Matching of shoulder paving details to highway segments  
4. Matching of crash records to individual highway segments  
  
 To keep the consistency with current practice of the Illinois DOT, we decided to use the 
2007 Interstate and non-Interstate highway segments created by the CH2M HILL as the basis 
for data concatenation by highway segment. For the data processing period of 2000-2006, only 
2001 and 2004 IRIS data are available. As such, the key fields of the 2001 and 2004 IRIS data 
were separately added to highway segments as appropriate to a specific year. Subsequently, 
information on pavement 3P/3R treatments and shoulder paving available for period 2002-2006 
was added to individual highway segments. Finally, crash records for period 2000-2006 were 
attached to individual highway segments. The description of integrating different sets of data is 
enlisted in the report. 
 
4.2.1 Compilation of Highway Segment Data 
 The highway segment data were originally stored in four separate files: the 2001 IRIS 
file, the 2004 IRIS file for the entire state of Illinois, 2007 Interstate highway segment file, and 
2007 non-Interstate highway segment file maintained by the Illinois DOT. Table 4.1 presents the 
records for the highway segment files. As can be seen, there is a high discrepancy amongst the 
records in the 2001 and 2004 IRIS data files. Of which, the 2001 IRIS data file is with much 
lower number of segments. Because of this, the 2004 IRIS data were first used as the main data 
source to add detailed roadway information to individual highway segments for each year of 
2000-2006. Furthermore, the 2001 IRIS data were used to update the key fields of highway 
segments for 2000-2003. The primary goal of data compilation then boils down to join the 2007 
non-Interstate highway segments to the 2007 Interstate highway segments, while attaching the 
data fields from the 2004 IRIS data to relevant highway segments. 
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Table 4.1. Records of Highway Segment Files 
Segment Data File File Name No. of Records 
2001 IRIS Data Hwy01_S 79,307 
2004 IRIS Data HWY04_SW 309,539 
2007 Interstate Segment Data 2007_Interstate&Interchanges 16,505 
2007 Non-Interstate Segment 
Data 
hwy2007_StatetoStateSegments 28,279 
 
 While bringing the 2004 IRIS data file into ArcGIS, it was found that this data file was not 
in the same coordinate system as the 2007 Interstate and non-Interstate segment files. The 
2004 IRIS data was projected in NAD 1983 Illinois State Plane East, and the 2007 Interstate 
and non-Interstate highway segment data were projected in NAD 1983 State Plane Illinois West.  
However, even when the 2004 IRIS data were re-projected into NAD 1983 Illinois State Plane 
West, it still would not properly align with the other two sets of data. Therefore, at some point, 
the 2004 IRIS data had been assigned or labeled with the wrong projection.  After some 
maneuvering, it was discovered that the 2004 IRIS data was in an old Illinois State Plane 
projection, and it was re-projected properly. 
 With all three files in the same projection, they were ready to be combined. First, the 
2007 Interstate highway segment data and the non-Interstate segment data were merged 
together into one spatial file. The new 2007 highway segment file, containing Interstate and non-
Interstate segments, now totaled 44,784 segments. These segments were the basis for further 
data integration; the highway segments to which the crash records would attempt to be 
matched.   
 Now the 2004 IRIS data needed to be attached to the 2007 highway segments being 
used for the data processing. To do this, a match or join between the 2007 segments and their 
counterparts in the 2004 IRIS data file needed to be accomplished. However, neither dataset 
contained a unique identifier.  Therefore, a unique ID was created by concatenating the 
inventory ID with the beginning mile marker (beginning station) for each segment and the end 
mile marker (end station) for each segment.  This was done in both the 2004 IRIS data file and 
the 2007 segment file.  For example, a segment with an inventory number of 016 20339 000000 
and a beginning station of 6.83 miles and an end station of 6.92 miles would be given a unique 
inventory ID or “INVUNIQ” of 016 20339 000000 683 692.  When these numbers were 
concatenated in both the 2004 IRIS data and 2007 segment files, it was easy to join the data 
fields contained in the 2004 IRIS data file to the 44,794 segments in the 2007 segment file. Only 
96 records did not join, meaning these 96 segments had no 2004 counterpart or did not have 
any 2004 roadway information data. The final spatial file or shapefile, that would be used for 
further data processing contained 44,698 segments and was saved as interseghwy0407.shp. At 
this point, another unique ID was added, called INTERSEG ID, and was simply numbered 1 to 
44,698, one for each segment record. 
 
4.2.3 Matching of Pavement 3P/3R Treatment Details to Highway Segments 
 Table 4.2 summarizes pavement 3P/3R contracts implemented in 2002-2006. For each 
contract, information was available on contract ID, route number, county, beginning and end 
mile stations, pavement work type, contract amount, and project award and completion dates. 
The above listed data information for each contract was used to update pavement treatment 
fields of pavement 3P/3R project affected highway segments in the final segment file for the 
year in which the project was completed.  
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Table 4.2. Summary of Pavement 3P/3R Contracts Implemented in 2002-2006 
Year Highway Class No. of Contracts Total Length (miles) Total Amount ($)
2002 Interstate 
US Roads 
IL Roads 
15 
29 
99 
67 
127 
288 
 64,097,820  
 41,881,869  
 91,382,905  
2003 Interstate 
US Roads 
IL Roads 
18 
26 
136 
68 
60 
451 
 124,742,424  
 28,675,932  
 129,566,719  
2004 Interstate 
US Roads 
IL Roads 
14 
38 
119 
45 
94 
451 
 15,192,615  
 27,746,465  
 77,151,923  
2005 Interstate 
US Roads 
IL Roads 
10 
22 
81 
33 
83 
260 
 17,532,483  
 17,482,986  
 63,105,032  
2006 Interstate 
US Roads 
IL Roads 
3 
21 
77 
8 
50 
195 
 12,522,350  
 41,571,730  
 62,239,789  
 
4.2.4 Matching of Shoulder Paving Details to Highway Segments 
 Table 4.3 lists contracts implemented in 2002-2006 involving shoulder treatments. Such 
treatments may or may not involve shoulder widening. For some contracts, shoulder treatments 
might have been implemented as part of pavement 3P/3R, bridge replacement, lane addition, 
and roadway widening, etc. Other contracts may only be involved with shoulder repair, shoulder 
reconstruction, and addition of new shoulders. For each contract, information was available on 
contract ID, route number, county, beginning and end mile stations, shoulder work type, contract 
amount, and project award and completion dates. For some contracts, the exact amounts for 
shoulder work were not listed as a separate line item in each of the contracts. This varied from 
year to year. To avoid confusion of large discrepancies, the total amounts of contracts involving 
shoulder treatments in each year was removed from the table. Similar to the approach used for 
matching pavement 3p/3R treatment contracts with individual highway segments, the data 
information contained in each shoulder treatment contract was used to update shoulder attribute 
fields of shoulder treatment project affected highway segments in the final segment file for the 
year in which the project was completed.  
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Table 4.3. Summary of Shoulder Paving Contracts Implemented in 2002-2006 
Year Highway Class No. of Contracts Total Length (miles) 
2002 Interstate 
US Roads 
IL Roads 
6 
6 
6 
61.9 
33.8 
36.6 
2003 Interstate 
IL Roads 
3 
6 
26.4 
21.7 
2004 Interstate 
US Roads 
IL Roads 
2 
3 
4 
12.2 
3.7 
18.6 
2005 Interstate 3 17.4 
2006 Interstate 
US Roads 
IL Roads 
1 
1 
3 
0.3 
8.2 
11.2 
       
4.2.5 Matching of Crash Records to Individual Highway Segments 
 Having created the final segment file, a method needs to be devised in order to match 
the crash records for each year to it. The crash records are contained in seven different access 
databases from 2000 to 2006, respectively. Crash data were opened in access one table (year) 
at a time, and sorted on Route Desc or Route Num depending on the year of the data to 
determine which records could be thrown out because they contain no geographic location 
information. In all cases, more than half of each year’s records were discarded because they 
contain no route number. After discarding the records with no route identifier, the field names 
were truncated and edited so that they contain no spaces or special characters. Each table was 
then exported out of Access into a database (dbf.) file. 
 Even though each year’s dataset now contain nearly half the records it had originally, 
data processing could be sped up by eliminating all crash records falling outside the 44,698 
highway segments.  In order to do this, a new “COUNTYROUT” ID has to be created for each 
segment by concatenating the County Code and Route Desc or Route Num.  For example, a 
segment with a County Code of 16 and a Route Desc of I055 would have a COUNTYROUT ID 
of 16I055. The table was then summarized on this new COUNTYROUT ID, generating the 
minimum and maximum mile markers for each COUNTYROUT ID.  So in essence, this process 
generated a beginning and end point for each US route and Interstate, and generated beginning 
and end points for each piece of IL route passing through county boundaries as mile markers for 
IL routes change at county lines. 
 The COUNTYROUT ID was also constructed in each of the crash tables, so that the 
“parameters” that were generated above, could be run against the crash data.  Before running 
the command line, the COUNTYROUT ID in the crash data had to be standardized to match the 
COUNTYROUT ID in the segment file.  In the segment file, US routes were coded “U,” IL routes 
were coded “S,” and Interstates coded “I.” In the crashes file, however, IL routes were coded 
“IL;” so “IL” had to be changed to “S.” In addition, the 2002-2006 crash datasets used a different 
system to code the routes: 1- US Route, 2-Interstate Business Loop, 3- Business US Route, 4- 
By pass and US one-way couple, 5- Illinois Route, 6- Illinois one-way couple, 7- Interstate 
Business Loop one-way couples, 8- Nonmarked Route, and 9-Interstate. Therefore, routes had 
to be re-coded in the following manner: 1 = U, 2 = I, 3 = U, 4 = U, 5 = S, 6 = S, 7 = I, 8 =, and 9 
= I. The parameters were run against the crash data by building a syntax and loading it into the 
command line window in ArcGIS.  This automated process successfully selected those crash 
records that fell “in-bounds.” The selected records were then exported out to a new file- one for 
each year, and these were the crashes that were used as part of the matching process. 
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 The matching process itself required quite a bit of coding, as a crash could only be 
matched to a segment if and only if the following conditions are met: i) the county code of the 
segment and the county code of the crash matched, and ii) the mile marker at which the crash 
occurred fell between the beginning and end mile marker of the segment. In order to do this, the 
COUNTYROUT ID used in the previous step needed to be standardized and converted to a 
number so it could be used in a greater than/less than equation.  Again, this was done in both 
the highway segment file and in the crash tables. “I” was converted to the number 10; “S” to the 
number 20; “U” to the number 30; and the suffix “B” to the number 40. Therefore, a 
COUNTYROUT ID of 16I055 would be converted to 1610055.  This ID was then multiplied by 
100 and the mile marker value was added.  So for example, a crash with a newly converted 
COUNTYROUT ID of 1610055 that occurred at mile marker 3.2 would have a final ID of 
161005503.2, which we called CNTYRTENO. 
 As indicated above, the same process was used in the segment file, creating a 
CNTYRTENO for both the beginning mile marker and the end mile marker, what was called 
BEGMMNO and ENDMMNO.  So for example, a particular segment with a COUNTYROUT ID 
of 16I055 would be converted to 1610055 after the recode.  If this segment had a beginning mile 
marker of 2.9 and an end mile marker of 3.6, the segment would have a BEGMMNO of 
161005502.9 and an ENDMMNO of 16100504.2.  As anticipated, the crash with the 
CNTYRTENO of 161005503.7 would match this segment, as the value falls between the 
BEGMMNO value and the ENDMMNO value. 
 With the coding finished and the IDs constructed, the actual matching was done in Excel 
using the “LOOKUP” function. The segment file was placed in one worksheet and each year’s 
crash dataset in another worksheet and a formula was constructed which, essentially, asked 
Excel to take each CNTYRTENO, and “LOOKUP” the value in the segment file’s BEGMMNO.  
Of course, LOOKUP does not always find a perfect match. Therefore, it would look for the 
BEGMMNO that fell just before the CNTYRTENO. As in the example above, the LOOKUP 
function would have looked for a value of 161005503.7, but not finding an exact match, would 
find the next lowest value, 161005502.9.  Excel then cleverly returns, not the value of 
BEGMMNO, but the value of the INTERSEG ID, the unique ID, say for example 1592.   
After the LOOKUP, the final step then was to check for “gaps” and “overlaps” in the segments 
which would result in non-matches of crashes to roads.  This was done by constructing 
additional formulas in Excel.  A verified match would once again return the INTERSEG ID in a 
new column. A crash falling in a “gap” or “overlap” would not return an INTERSEG ID, but a 
zero.  
 “Gaps” occurred when the segment that had been returned as a match from the 
LOOKUP had a corresponding ENDMMNO that was less than the CNTYRTENO.  See the “gap” 
example below: 
SEGMENT   BEGMMNO   ENDMMNO 
1592    161005502.9   161005503.5  
1593    161005504.2   161005505.2 
 A LOOKUP of CNTYRTENO 161005503.7, being greater than the BEGMMNO of 
161005502.9, but less than the 161005504.2 would return a value of 1592.  However, because 
segment 1592’s ENDMMNO is less than the CNTYRTENO, the CNTYRTENO falls within the 
gap of 1592’s ENDMMNO of 161005503.5 and 1593’s BEGMMNO of 161005504.2. The final 
return for this CNTYRTENO would be zero. 
 Similarly, an “overlap” occurred if the segment that had been returned from the LOOKUP 
had a corresponding ENDMMNO that was greater than the next BEGMMNO in sequence.  If the 
ENDMMNO was less than the BEGMMNO of the next segment, then the INTERSEG ID would 
be returned again in a new column, finalizing the match.  However, as in the “overlap” example 
below, if the ENDMMNO for segment 1592 was greater than the BEGMMNO for segment 1593, 
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then Excel would return the number zero, as one crash cannot match two segments.  Again, 
using CNTYRTENO 161005503.7: 
SEGMENT   BEGMMNO   ENDMMNO 
1592    161005502.9   161005504.8  
1593    161005504.2   161005505.2 
 The next step of data processing generated the INTERSEG IDs matching each crash 
with no gap and no overlap. These were then sorted by INTERSEG ID in a final master 
spreadsheet, one for each year, with the corresponding crash data.     
 Finally, manual matching was conducted for those segments with overlaps. This 
included three cases. The first case was that the CNTYRTENO value of a crash record was 
greater than BEGMMNO of the first segment, but smaller than both the ENDMMNO of the first 
segment and the BEGMMNO of the immediate following segment. In this case, the crash record 
was assigned to the first segment. As the same example in the above, using CNTYRTENO 
161005503.7: 
SEGMENT   BEGMMNO   ENDMMNO 
1592    161005502.9   161005504.8  
1593    161005504.2   161005505.2 
 The crash record was assigned to segment 1592. 
 The second case was that the CNTYRTENO value of a crash record was greater than 
both the ENDMMNO of the first segment and the BEGMMNO of the immediate following 
segment, but was smaller than the ENDMMNO of the second segment. In this case, the crash 
record was assigned to the second segment. For example, using CNTYRTENO 161005505.0: 
SEGMENT   BEGMMNO   ENDMMNO 
1592    161005502.9   161005504.8  
1593    161005504.2   161005505.2 
 The crash record was assigned to segment 1593. 
 The third case was a mixed case where the CNTYRTENO value of a crash record was 
greater than the BEGMMNO of the second segment, but was smaller than ENDMMNO of the 
first segment. Each of such crash records was manually checked in ArcGIS to determine its 
affiliation to either the first segment or the second segment. A large number of highway 
segments received pavement 3P/3R treatments and/or shoulder paving encountered the third 
case when matching the crash records with them. Table 4.4 shows the reduction of crash 
records from the beginning of data processing to the end of data processing, through each of 
the above steps. Table 4.5 lists key data field in the final dataset. 
37 
 
Table 4.4. Summary of Crash Records Matching with Highway Segments 
Records 2000 2001 2002 2003 2004 2005 2006 
Crash Records Initial crash data 
file 836,679 798,268438,989437,285432,994 421,645408,720
With route 
identifier 336,843 319,342181,841184,794175,090 211,291205,844
In-bounds of 
segments 73,685 69,914 41,248 41,069 43,105 45,963 41,069
Matched 
without 
Gaps/Overlaps 
Number of 
segments 
4,051 2,546 2,652 4,149 3,346 4,266 4,357
Number of 
crashes 59,407 36,019 25,563 33,653 30,520 36,203 33,911
Semi-
Automatically 
Matched  
Number of 
segments 
423 2,463 3,512 2,310 1,022 785 1,276
Number of 
crashes 
1,329 11,160 13,292 6,231 3,851 3,449 2,919
Total Matched Number of 
segments 
4,474 5,009 6,164 6,459 4,368 5,051 5,633
Number of 
crashes 
60,736 47,179 38,855 39,884 34,371 39,652 36,830
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Table 4.5. Key Data Fields and Information Descriptions of the Processed Data 
Category Columns Title Description 
General  CASE_ID Case identification number 
ROUTE_NAME Route name 
COUNTY County name 
Township Township name 
Crash 
Records 
# FATALITIES Number of fatalities 
#PEOPLE_INJURED Number of people injured 
Fatal_Crashes Number of fatal crashes 
Injury A_Crashes Number of Type A injury crashes 
Injury B_Crashes Number of Type B injury crashes 
Injury C_Crashes Number of Type C injury crashes 
PDO_Crashes Number of PDO crashes 
Segment 
Information 
Beg_sta Beginning station 
End_sta End station 
Segment_Length Length of roadway segment 
Traffic 
Volumes 
AADT Annual average daily traffic 
Mu_Vol Multi unit volume 
SU_Vol Single unit volume 
AADT_Yr AADT year 
Geometrics Lanes 
Lane_Width 
I_Shd1_type 
I_Shd1_Width 
I_Shd2_Type 
I_Shd2_width 
Median_Type 
Median_Width 
O_Shd1_type 
O_Shd1_Width 
O_Shd2_Type 
O_Shd2_width 
Number of lanes 
Lane width 
Inside shoulder type 1 
Width of inside shoulder type 1 
Inside shoulder type 2 
Width of inside shoulder type 2 
Type of median 
Width of median 
Outside shoulder type 1 
Width of outside shoulder type 1 
Outside shoulder type 2 
Width of outside shoulder type 2 
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4.3 PRELIMINARY DATA ANALYSIS 
 
4.3.1 Distribution of Highway Segments by Land Area and Highway Class 
 Table 4.6 shows a summary of the processed dataset for preliminary data analysis. On 
average the dataset from 2000-2006 contains approximately 5,000 highway segments in each 
year, with a total of about 1,600 miles. All those projects that could be matched with the final 
highway segment set were included in the dataset. Over 2,000 segments are common for all the 
years and this provides a 9,934-segment, 2,500-mile dataset for all years combined. For the 
data analysis period of 2000-2006, pavement 3P/3R and shoulder treatment data were available 
from 2002 onward. Table 4.7 lists total number and mileage of highway segments involved with 
pavement 3P/3R and shoulder paving work in each year, respectively. 
 
Table 4.6. Total Number and Mileage of Highway Segments in the Processed Dataset   
Highway Class 2000 2001 2002 2003 2004 2005 2006 Common Segment
Total  
Number 
of 
Segments 
Rural Interstate 460 524 802 742 607 735 645 163 1,285 
Multilane 399 443 498 570 386 437 530 149 886 
Two-lane  710 726 916 1,096 669 772 857 255 1,587 
Urban Interstate 478 536 714 638 571 729 688 226 1,040 
Multilane 1,523 1,795 2,006 2,016 1,369 1,500 1,837 706 2,924 
Two-lane  904 985 1,228 1,397 766 878 1,076 249 2,212 
Total 4,474 5,009 6,164 6,459 4,368 5,051 5,633 1,748 9,934 
Mileage 
(Miles) 
Rural Interstate 303.3 353.4 460.8 471.0 298.0 437.6 401.1 172.6 653.7 
Multilane 104.7 123.6 134.5 160.9 99.2 128.9 137.1 56.5 187.6 
Two-lane  455.0 498.9 557.7 631.0 404.0 505.4 549.7 259.4 704.7 
Urban Interstate 101.6 115.7 152.2 149.1 119.1 181.9 173.5 56.1 231.7 
Multilane 280.5 329.8 349.7 438.8 243.3 284.8 341.2 183.3 419.0 
Two-lane  165.4 190.6 213.4 287.7 139.3 170.0 202.8 75.6 302.9 
Total 1,411 1,612 1,868 2,139 1,303 1,709 1,805 803.5 2,500 
 
Table 4.7. Number and Mileage of Highway Segments Received Pavement 3P/3R and Shoulder 
Paving Treatments   
Key Item 2002 2003 2004 2005 2006 
Number of Segments Pavement 3P/3R  434 1,130 27 105 160
Shoulder paving 429 82 20 16 18
Mileage (Miles) Pavement 3P/3R  175.2 219.7 12.6 34.4 35.4
Shoulder paving 175.7 64.5 11.7 1.7 5.8
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4.3.2 Distribution of Crashes by Severity Category and Type 
 Table 4.8 shows the temporal distribution of crash counts associated with the highway 
segments in the dataset over the period 2000 to 2006. The total number of crashes fluctuated 
between the period 2000 to 2006 with the highest number of crashes recorded in 2000 and the 
lowest in 2002. The number of fatal, injury, and PDO crashes were consistent in the given time 
frame.  
Table 4.8. Distribution of Total Crashes by Severity Category 
Crash 
Severity 
Category 
2000 2001 2002 2003 2004 2005 2006 
Fata
l 
166 178 167 156 101 174 174
Injur
y- A 
1,92
8 
2,24
4 
1,59
0
1,44
3
1,09
2
1,44
4 
1,70
6
Injur
y- B 
5,15
6 
5,50
8 
3,99
7
3,96
8
3,11
0
3,98
4 
4,29
0
Injur
y- C 
6,17
3 
6,10
2 
3,67
2
4,14
9
3,55
2
3,59
5 
3,27
9
PD
O 
47,3
13 
33,1
47 
29,4
29
30,1
68
31,5
23
36,5
23 
33,4
78
Total 60,7
36 
47,179 38,855 39,884 34,371 39,652 36,830
 
 As listed in Table 4.9, urban multilane non-Interstate highways recorded the highest total 
number of crashes while the rural Interstates recorded the least number of crashes. The crash 
frequency has increased relative to 2002 till 2005 and this holds true irrespective of the highway 
functional class. The same trend is followed for fatal and PDO crashes but for injury crashes the 
occurrence trend varies. The maximum occurrence of the injury crashes was observed on urban 
multilane non-Interstate highways while rural Interstate highways had relatively fewer 
occurrences of PDO crashes when compared to the other roadway classification. 
41 
 
 
Table 4.9. Distribution of Crashes by Highway Class and Severity Category 
Highway Class 2000 2001 2002 2003 2004 2005 2006 
Total 
Crashes 
Rural Interstate 2,588 2,332 2,616 3,396 4,019 4,858 3,793
Multilane  5,156 3,740 3,461 3,376 2,733 3,026 3,298
Two-lane  6,758 3,811 3,240 4,593 2,930 3,948 4,041
Urban Interstate 12,364 10,518 7,771 7,236 8,497 9,469 7,159
Multilane  26,547 21,438 17,346 16,632 12,768 14,376 14,342
Two-lane  7,323 5,340 4,421 4,651 3,424 3,975 4,197
Total  60,736 47,179 38,855 39,884 34,371 39,652 36,830
Fatal 
Crashes 
Rural Interstate 15 11 22 27 17 36 31
Multilane  11 15 19 9 6 7 10
Two-lane  46 35 38 33 17 35 24
Urban Interstate 15 18 40 27 25 38 36
Multilane  54 52 36 43 26 41 52
Two-lane  25 14 12 17 10 17 21
Total  166 145 167 156 101 174 174
Injury 
Crashes 
Rural Interstate 470 556 698 905 370 521 323
Multilane  1,236 1,360 800 821 176 201 270
Two-lane  1,813 1,348 971 1,177 308 338 374
Urban Interstate 2,189 2,155 1,787 1,646 787 763 497
Multilane  5,914 6,572 3,918 3,878 783 802 1,225
Two-lane  1,635 1,863 1,085 1,133 323 330 489
Total  13,257 13,854 9,259 9,560 2,747 2,955 3,178
PDO 
Crashes 
Rural Interstate 2,103 1,758 1,896 2,464 3,632 4,301 3,439
Multilane  3,909 2,361 2,642 2,546 2,551 2,818 3,018
Two-lane  4,899 2,420 2,231 3,383 2,605 3,575 3,643
Urban Interstate 10,160 8,343 5,944 5,563 7,685 8,668 6,626
Multilane  20,579 14,810 13,392 12,711 11,959 13,533 13,065
Two-lane  5,663 3,455 3,324 3,501 3,091 3,628 3,687
Total  47,313 33,147 29,429 30,168 31,523 36,523 33,478
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Table 4.10 presents the distribution of total crashes for 2000-2006 by crash type. The summary 
table indicates that the rear-end collision type at approximately 40 percent on an average is 
consistently the most occurring over all the seven years, while the train, pedalcyclist, pedestrian, 
and head-on collisions were the least contributing in the time frame being examined.  
 
Table 4.10. Distribution of Total Crashes by Crash Type 
Crash Type 2000 2001 2002 2003 2004 2005 2006 
1- Pedestrian 175 250 224 214 149 196 221
2- Pedalcyclist 123 158 133 163 108 140 138
3- Train 0 0 3 12 3 3 3
4- Animal 1,550 1,116 1,885 2,376 1,888 2,050 2,012
5-1 Overturned with 1 vehicle 282 389 319 301 200 303 240
5-2 Overturned with 2 vehicles 165 80 106 186 132 172 113
5-3 Overturned with 2+ vehicles 21 15 14 36 19 17 17
6- Fixed object 2,673 2,475 2,987 3,107 3,346 3,757 3,222
7- Other object 487 399 471 521 448 443 294
8- Other noncollison 472 381 416 431 29 26 10
9- Parked motor vehicle 923 673 469 479 426 418 435
10- Turning 11,620 9,097 7,041 7,515 5,654 6,236 6,418
11- Rear-end 27,763 21,889 16,018 16,181 14,824 16,165 15,028
12- Sideswipe-same direction 7,133 5,466 3,905 3,622 4,259 5,024 4,504
13- Sideswipe-opposite direction 710 404 225 227 261 257 259
14- Head on 519 286 214 45 189 211 211
15- Angle 6,110 4,086 3,302 3,796 2,367 2,476 2,364
Total 60,726 47,164 37,732 39,212 34,302 37,894 35,489
 
4.3.3 Descriptive Statistics of Key Data Items 
 This section presents descriptive statistics of key data items in the dataset for individual 
years. The descriptive statistics provide a means to compare the magnitudes and distribution of 
the various data items for highway segments associated with rural/urban Interstates, multilane 
non-Interstates, and two-lane highways. These data items were chosen in order to minimize the 
changes in cross sectional characteristics along each road segment as a result of the database 
integration and also exclude obvious outliers from the dataset for calibrating SPFs as part of 
research tasks at the subsequent stage.    
 Segment Length. The segment length for each road segment is the difference between 
the start and end mile stations of the segment. The segment length is measured to the nearest 
hundredth of a mile. Table 4.11 shows descriptive statistics for the segment length for each of 
the three road classes in rural and urban areas, respectively. The length for rural Interstates and 
rural two-lane highways was generally longer than that of rural/urban multilane non-Interstates, 
urban Interstates, and urban two-lane highways. 
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Table 4.11. Descriptive Statistics of Segment Length 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 0.60  0.51  0.49  0.61  0.58  0.53  0.57  
Median 0.35  0.35  0.25  0.34  0.35  0.32  0.35  
Std. Dev. 0.76  0.50  0.67  0.77  0.74  0.69  0.69  
Min 0.01  0.02  0.01  0.01  0.01  0.01  0.01  
Max 6.49  2.69  5.17  6.49  6.49  6.49  6.49  
Multilane  Mean 0.26  0.27  0.26  0.28  0.27  0.25  0.27  
Median 0.15  0.18  0.16  0.16  0.18  0.14  0.14  
Std. Dev. 0.29  0.29  0.28  0.34  0.28  0.34  0.35  
Min 0.01  0.01  0.01  0.01  0.01  0.01  0.01  
Max 1.85  1.85  1.85  3.83  1.85  3.83  3.83  
Two-Lane  Mean 0.64  0.71  0.54  0.54  0.64  0.66  0.64  
Median 0.37  0.41  0.28  0.28  0.36  0.38  0.38  
Std. Dev. 0.74  0.79  0.68  0.67  0.74  0.74  0.72  
Min 0.01  0.01  0.01  0.01  0.01  0.01  0.01  
Max 4.99  4.99  4.99  4.99  4.99  4.99  4.99  
Urban Interstate Mean 0.18  0.18  0.19  0.20  0.24  0.22  0.22  
Median 0.13  0.11  0.13  0.13  0.15  0.15  0.15  
Std. Dev. 0.19  0.21  0.22  0.23  0.29  0.24  0.24  
Min 0.01  0.01  0.01  0.01  0.01  0.01  0.01  
Max 1.55  1.55  1.55  2.56  2.28  1.68  1.68  
Multilane  Mean 0.19  0.21  0.19  0.18  0.20  0.19  0.19  
Median 0.12  0.14  0.12  0.10  0.13  0.12  0.12  
Std. Dev. 0.21  0.22  0.20  0.20  0.21  0.20  0.22  
Min 0.01  0.01  0.01  0.01  0.01  0.01  0.01  
Max 2.01  2.01  1.37  2.01  2.01  2.01  2.01  
Two-Lane Mean 0.18  0.21  0.17  0.16  0.21  0.19  0.19  
Median 0.12  0.14  0.10  0.09  0.14  0.12  0.12  
Std. Dev. 0.18  0.21  0.19  0.17  0.20  0.20  0.19  
Min 0.01  0.01  0.01  0.01  0.01  0.01  0.01  
Max 1.25  1.25  1.63  1.25  1.25  1.75  1.25  
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 Segment Annual Average Daily Traffic (AADT). The AADT for each highway segment is 
the annual average daily traffic on the segment over the seven-year period. Table 4.12 shows 
the descriptive statistics for the segment AADT for each of the three road classes in rural and 
urban areas, respectively. The road segment AADT for Interstates was found to be higher than 
that of multilane and two-lane road segments. This is an expected result as generally non-
Interstate highways tend to have less traffic volume than Interstates. 
 
Table 4.12. Descriptive Statistics of Segment AADT 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 26,799 94,374 56,746 39,140 63,368 47,609 61,785
Median 16,955 41,049 26,463 34,881 26,355 26,100 35,761
Std. Dev. 30,962 90,072 52,430 43,135 70,300 56,296 66,338
Min 11,983 12,084 12,062 11,993 11,997 12,000 12,003
Max 194,937 260,257 257,603 254,975 249,376 249,800 250,225
Multilane  Mean 22,383 23,128 20,479 19,311 19,997 19,495 19,108
Median 18,768 21,500 15,701 13,876 15,366 15,900 15,433
Std. Dev. 14,278 16,018 14,509 13,992 14,440 12,998 12,637
Min 1,691 2,681 1,581 1,605 2,544 2,500 2,457
Max 55,759 54,795 53,847 52,915 52,000 51,100 50,231
Two-Lane Mean 7,869 8,364 7,436 7,091 7,268 7,200 7,251
Median 6,767 7,320 6,308 6,442 6,168 6,400 6,231
Std. Dev. 5,538 5,785 5,437 4,704 5,534 5,074 5,098
Min 582 575 569 562 506 550 544
Max 26,858 26,560 26,265 25,973 25,685 25,400 25,121
Urban Interstate Mean 82,424 111,441 108,050 73,509 103,102 89,060 95,638
Median 53,742 103,742 107,970 45,245 110,662 68,800 74,827
Std. Dev. 69,332 81,120 68,443 69,083 68,920 67,591 68,662
Min 11,037 13,271 11,650 11,531 11,597 11,300 11,940
Max 266,527 280,053 277,196 274,369 268,344 268,800 269,258
Multilane  Mean 25,681 27,872 26,393 24,560 27,620 24,841 24,537
Median 23,075 26,163 25,039 22,301 25,387 22,300 22,051
Std. Dev. 13,595 13,548 14,374 13,832 17,375 13,873 13,506
Min 4,763 3,087 3,052 3,018 2,984 2,950 2,917
Max 174,647 172,674 170,722 168,793 171,640 165,000 163,156
Two-Lane Mean 11,329 11,854 10,680 10,151 11,012 10,422 10,326
Median 10,660 10,946 9,664 8,823 10,432 9,350 9,381
Std. Dev. 5,661 5,927 5,732 5,372 5,434 5,166 5,379
Min 746 737 727 718 709 700 691
Max 32,193 28,943 28,679 30,982 27,854 27,500 29,821
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 Segment Lane Width. The lane width for each road segment is the average of the 
northbound and southbound travel lane width rounded to the nearest foot. Table 4.13 shows the 
descriptive statistics of the segment lane width for each of the three road classes in rural and 
urban areas, respectively. It was found that for all three-road classes, the average segment lane 
width was that of the recommended design standard lane width of 11-12ft. However, the 
variation is expectedly more significant for two-lane highways than that for Interstates. 
  
Table 4.13. Descriptive Statistics of Segment Lane Width 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 12 11 12 12 11 12 11 
Median 0 12 12 12 12 12 12 
Std. Dev. 1 4 6 5 4 4 4 
Min 0 0 0 0 0 0 0 
Max 16 16 15 15 15 15 15 
Multilane  Mean 11 11 11 11 11 11 11 
Median 12 12 12 12 12 12 12 
Std. Dev. 3 3 3 3 4 3 3 
Min 0 0 0 0 0 0 0 
Max 15 15 18 18 18 18 18 
Two-Lane Mean 11 11 12 12 11 11 10 
Median 12 12 12 12 12 12 12 
Std. Dev. 4 4 5 5 4 4 4 
Min 0 0 0 0 0 0 0 
Max 22 22 14 22 22 22 22 
Urban Interstate Mean 11 11 12 12 11 11 11 
Median 12 12 12 12 12 12 12 
Std. Dev. 4 4 0 1 3 4 3 
Min 0 0 10 10 0 0 0 
Max 26 15 20 26 15 26 26 
Multilane  Mean 11 11 12 12 11 11 11 
Median 12 12 12 12 12 12 12 
Std. Dev. 3 3 5 4 4 3 4 
Min 0 0 0 0 0 0 0 
Max 24 24 24 24 24 24 24 
Two-Lane Mean 12 11 12 12 11 12 11 
Median 12 12 12 12 12 12 12 
Std. Dev. 3 4 6 6 4 3 3 
Min 0 0 0 0 0 0 0 
Max 29 29 29 29 29 29 29 
 
 
 Segment Inside Shoulder Width (Type 1 and Type 2). According to the Illinois Roadway 
Information System (IRIS) Manual, the inside shoulder Type 1 width indicates the average width 
of  the inside (median) shoulder when identifying the predominant one for divided highways only 
or when identifying composite shoulder types for divided highways the inside (median) shoulder 
type immediately adjacent to the driving surface. The inside shoulder width is measured from 
the edge of pavement to the point where there is a change from shoulder slope to fore-slope or 
a change in the shoulder surface type. The inside shoulder Type 2 indicates the average width 
of a composite inside shoulder type for divided highways, the inside shoulder type not adjacent 
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to the driving surface of a highway. Shoulder Type 1 and shoulder Type 2 when added together 
must equal one-half the sum of the full inside shoulder widths from both the left and right sides 
of the median. When the width is not uniform, then the average width is recorded and the 
measurements are rounded off to the nearest foot. Table 4.14 and Table 4.15 show the 
descriptive statistics for inside shoulder Type 1 and Type 2 width for the three road classes in 
rural and urban areas, respectively. 
 
Table 4.14. Descriptive Statistics of Segment Type 1 Inside Shoulder Width 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 5 6 5 5 6 6 6 
Median 6 7 5 6 6 6 6 
Std. Dev. 3 3 4 3 3 4 4 
Min 0 0 0 0 0 0 0 
Max 12 10 19 12 14 14 14 
Multilane  Mean 2 2 2 2 2 2 2 
Median 0 0 0 0 0 0 0 
Std. Dev. 3 3 3 3 3 3 3 
Min 0 0 0 0 0 0 0 
Max 10 10 10 10 10 10 10 
Two-Lane Mean 0 0 0 0 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 0 0 0 0 0 0 0 
Min 0 0 0 0 0 0 0 
Max 6 0 0 0 0 0 0 
Urban Interstate Mean 5 5 5 5 6 6 6 
Median 6 8 8 6 8 8 8 
Std. Dev. 4 4 5 4 4 4 4 
Min 0 0 0 0 0 0 0 
Max 12 12 19 12 14 14 14 
Multilane  Mean 0 0 0 1 0 1 1 
Median 0 0 0 0 0 0 0 
Std. Dev. 2 2 1 2 2 2 2 
Min 0 0 0 0 0 0 0 
Max 10 10 10 10 13 10 10 
Two-Lane Mean 0 0 0 0 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 0 0 0 0 0 0 0 
Min 0 0 0 0 0 0 0 
Max 0 3 3 4 6 3 3 
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Table 4.15. Descriptive Statistics of Segment Type 2 Inside Shoulder Width 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 1 1 1 1 1 1 1 
Median 0 0 0 0 0 0 0 
Std. Dev. 1 2 1 1 1 1 1 
Min 0 0 0 0 0 0 0 
Max 6 4 6 4 4 4 4 
Multilane  Mean 0 0 0 0 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 1 1 1 1 1 1 1 
Min 0 0 0 0 0 0 0 
Max 3 3 3 3 3 3 4 
Two-Lane Mean 0 0 0 0 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 0 0 0 0 0 0 0 
Min 0 0 0 0 0 0 0 
Max 0 0 0 0 0 0 0 
Urban Interstate Mean 1 0 0 0 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 1 1 1 1 1 1 1 
Min 0 0 0 0 0 0 0 
Max 4 4 4 4 4 4 4 
Multilane  Mean 0 0 0 0 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 0 0 0 0 0 0 0 
Min 0 0 0 0 0 0 0 
Max 4 2 3 4 3 4 4 
Two-Lane Mean 0 0 0 0 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 0 0 0 0 0 0 0 
Min 0 0 0 0 0 0 0 
Max 0 0 0 0 0 0 0 
 
 Segment Outside Shoulder Width (Type 1 and Type 2). According to the IRIS Manual, 
the outside shoulder Type 1 width indicates the average width of the outside shoulder when 
identifying the predominant one or when identifying composite shoulder types, the outside 
shoulder type immediately adjacent to the driving surface. The outside shoulder width is 
measured from the edge of pavement to the point where there is a change from shoulder slope 
to fore-slope or a change in the shoulder surface type. The outside shoulder Type 2 indicates 
the average width of a composite outside shoulder type not adjacent to the driving surface of a 
highway. Shoulder Type 1 and shoulder Type 2 when added together must equal one-half the 
sum of the full outside shoulder widths from both the left and right sides of the roadway. When 
the width is not uniform than the average width is recorded and the measurements are rounded 
off to the nearest foot. Table 4.16 and Table 4.17 show the descriptive statistics for outside 
shoulder Type 1 and Type 2 width for the three road classes in rural and urban areas, 
respectively. 
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Table 4.16. Descriptive Statistics of Segment Type 1 Outside Shoulder Width 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 9 9 8 7 9 8 9 
Median 10 10 10 10 10 10 10 
Std. Dev. 4 3 5 5 4 4 3 
Min 0 0 0 0 0 0 0 
Max 12 12 12 12 12 12 12 
Multilane  Mean 6 6 6 6 6 6 6 
Median 8 8 8 8 8 8 8 
Std. Dev. 4 5 5 4 5 4 4 
Min 0 0 0 0 0 0 0 
Max 12 12 12 12 12 12 12 
Two-Lane Mean 4 4 3 3 4 4 4 
Median 3 4 1 2 3 3 3 
Std. Dev. 3 3 4 3 3 3 3 
Min 0 0 0 0 0 0 0 
Max 12 12 12 12 12 12 12 
Urban Interstate Mean 8 8 8 8 9 9 9 
Median 10 10 10 10 10 10 10 
Std. Dev. 4 4 4 4 4 4 4 
Min 0 0 0 0 0 0 0 
Max 14 14 14 14 14 14 14 
Multilane  Mean 2 2 1 2 2 2 3 
Median 0 0 0 0 0 0 0 
Std. Dev. 4 3 3 4 4 4 4 
Min 0 0 0 0 0 0 0 
Max 12 12 12 12 12 12 12 
Two-Lane Mean 3 3 2 2 3 3 3 
Median 1 1 0 0 1 3 2 
Std. Dev. 4 3 3 3 3 4 4 
Min 0 0 0 0 0 0 0 
Max 12 12 12 12 12 12 12 
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Table 4.17. Descriptive Statistics of Segment Type 2 Outside Shoulder Width 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 1 1 1 1 1 1 1 
Median 0 0 0 0 0 0 0 
Std. Dev. 1 1 1 1 1 1 1 
Min 0 0 0 0 0 0 0 
Max 6 3 6 4 4 4 4 
Multilane  Mean 1 0 0 1 0 1 1 
Median 0 0 0 0 0 0 0 
Std. Dev. 2 1 1 1 1 2 2 
Min 0 0 0 0 0 0 0 
Max 7 5 5 7 5 7 6 
Two-Lane Mean 1 1 1 1 1 1 1 
Median 0 0 0 0 0 0 0 
Std. Dev. 2 2 2 2 2 2 2 
Min 0 0 0 0 0 0 0 
Max 10 10 10 10 10 10 10 
Urban Interstate Mean 1 0 0 1 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 1 1 1 1 1 1 1 
Min 0 0 0 0 0 0 0 
Max 5 5 4 10 5 5 9 
Multilane  Mean 0 0 0 0 0 0 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 1 0 0 1 0 1 1 
Min 0 0 0 0 0 0 0 
Max 6 4 5 6 5 6 6 
Two-Lane  Mean 1 1 0 0 0 1 1 
Median 0 0 0 0 0 0 0 
Std. Dev. 1 1 1 1 1 2 1 
Min 0 0 0 0 0 0 0 
Max 8 8 8 8 8 8 8 
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 Segment Median Width. The median is the portion of a divided highway that separates 
the travel ways for traffic in opposing directions. The median width is measured as the distance 
from the inside edge of the paved surface at one roadway to the inside edge of the other 
roadway, rounded to the nearest foot. For segments having segments with different shoulder 
widths, the weighted average of the median width for the entire segment was used. Table 4.18 
shows the descriptive statistics for the median width for the three road classes in rural and 
urban areas, respectively.  
 
Table 4.18. Descriptive Statistics of Segment Median Width 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 65 60 49 55 63 60 63 
Median 64 64 40 64 56 58 62 
Std. Dev. 81 52 81 76 83 85 84 
Min 0 0 0 0 0 0 0 
Max 720 550 999 999 999 999 999 
Multilane  Mean 20 19 20 22 20 22 21 
Median 14 14 14 14 14 14 14 
Std. Dev. 19 20 21 21 20 20 20 
Min 0 0 0 0 0 0 0 
Max 80 80 80 80 80 80 80 
Two-Lane Mean 1 1 0 0 1 1 0 
Median 0 0 0 0 0 0 0 
Std. Dev. 3 3 3 2 2 3 2 
Min 0 0 0 0 0 0 0 
Max 50 22 22 22 15 15 15 
Urban Interstate Mean 37 38 43 34 37 37 40 
Median 40 25 40 24 30 31 31 
Std. Dev. 39 46 60 54 53 51 63 
Min 0 0 0 0 0 0 0 
Max 500 500 999 999 999 999 999 
Multilane  Mean 9 8 7 8 8 9 10 
Median 4 5 0 3 4 5 4 
Std. Dev. 14 10 10 14 10 11 14 
Min 0 0 0 0 0 0 0 
Max 180 80 80 180 80 80 180 
Two-Lane Mean 1 1 1 1 1 1 1 
Median 0 0 0 0 0 0 0 
Std. Dev. 4 4 3 4 4 4 4 
Min 0 0 0 0 0 0 0 
Max 18 40 30 40 30 30 40 
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 Fault Height (With, Against for the same and opposite directions). The faulting height 
(With) is as indicated by the IRIS Manual the average faulting value for a highway section 
carrying traffic in the route direction-of-inventory. The faulting height (Against) is the average 
faulting value for a highway section carrying traffic in the direction opposite to that of the route 
direction-of-inventory. The measurements are recorded to the nearest 0.01 inch and ‘999’ is 
entered if no information is available. Table 4.19 and Table 4.20 show the descriptive statistics 
for faulting height (With and Against) for the three road classes in rural and urban areas, 
respectively. 
 
Table 4.19. Descriptive Statistics of Segment Fault Height in the Route Direction  
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 0.09 0.03 0.07 0.04 2.47 2.43 4.10 
Median 0.00 0.00 0.01 0.00 1.09 0.09 0.02 
Std. Dev. 0.88 0.16 0.23 0.07 3.92 3.91 4.80 
Min 0.00 0.00 0.01 0.00 0.01 0.01 0.01 
Max 9.99 1.21 1.21 1.21 9.99 9.99 9.99 
Multilane  Mean 0.16 0.01 0.03 0.14 0.02 0.09 1.22 
Median 0.01 0.01 0.01 0.01 0.01 0.02 0.01 
Std. Dev. 1.20 0.02 0.02 1.08 0.02 0.81 2.74 
Min 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
Max 9.99 0.12 0.09 9.99 0.12 9.99 9.99 
Two-Lane Mean 0.01 0.06 0.09 0.10 0.12 0.06 2.09 
Median 0.00 0.00 0.02 0.01 0.01 0.01 0.02 
Std. Dev. 0.01 0.74 0.86 0.85 1.02 0.64 3.66 
Min 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
Max 0.08 9.99 9.99 9.99 9.99 9.99 9.99 
Urban Interstate Mean 0.23 0.37 0.37 0.34 1.75 1.28 3.12 
Median 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Std. Dev. 1.47 1.85 1.87 1.78 3.68 3.24 4.55 
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Multilane  Mean 0.23 0.41 0.81 0.40 0.79 0.62 0.90 
Median 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
Std. Dev. 1.47 1.97 2.70 1.90 2.67 2.38 2.41 
Min 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Two-Lane Mean 0.14 0.09 0.11 0.37 0.12 0.09 0.84 
Median 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
Std. Dev. 1.14 0.92 0.94 1.85 1.01 0.84 2.27 
Min 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
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Table 4.20. Descriptive Statistics of Segment Fault Height Opposite to the Route Direction 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 0.32 0.03 0.06 1.12 2.43 2.27 4.44 
Median 0.00 0.00 0.01 0.00 0.09 0.05 1.19 
Std. Dev. 1.74 0.15 0.22 1.57 3.90 3.82 4.86 
Min 0.00 0.00 0.01 0.00 0.01 0.01 0.01 
Max 9.99 1.21 1.21 9.99 9.99 9.99 9.99 
Multilane  Mean 2.19 1.14 3.03 5.81 2.83 3.22 2.07 
Median 0.00 0.00 0.07 0.00 0.07 0.07 0.03 
Std. Dev. 4.13 3.16 4.58 4.93 4.50 4.65 3.68 
Min 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Two-Lane Mean 3.75 3.95 9.69 8.01 9.76 9.77 2.62 
Median 0.00 0.00 0.00 0.00 0.00 0.00 0.13 
Std. Dev. 4.84 4.89 1.71 3.97 1.51 1.45 4.05 
Min 0.00 0.00 0.02 0.01 0.02 0.02 0.01 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Urban Interstate Mean 0.94 0.78 0.55 0.89 2.02 1.63 3.58 
Median 0.01 0.01 0.01 0.01 0.01 0.01 0.03 
Std. Dev. 2.89 2.66 2.24 2.83 3.90 3.59 4.71 
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Multilane  Mean 3.53 3.94 6.31 6.98 6.47 5.98 1.47 
Median 0.01 0.07 0.00 0.00 0.00 0.00 0.01 
Std. Dev. 4.76 4.87 4.79 4.56 4.74 4.87 3.19 
Min 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Two-Lane Mean 2.95 3.20 9.48 7.27 9.45 9.30 1.75 
Median 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Std. Dev. 4.56 4.66 2.20 4.44 2.26 2.52 3.48 
Min 0.00 0.00 0.02 0.01 0.02 0.01 0.01 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
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 International Roughness Index (IRI) (With, Against). The IRI (With) is as indicated by the 
IRIS Manual the average IRI value for a highway segment carrying traffic in the route direction-
of-inventory. The IRI (Against) is the average IRI value for a highway section carrying traffic in 
the direction opposite to that of the route direction-of-inventory. The measurements are 
recorded as inches/mile and ‘999’ is entered if it is a dirt road and ‘998’ numeric value signifies a 
IRI of more than 1000 inch/mile and ‘000’ indicates that no information is available. Table 4.21 
and Table 4.22 show the descriptive statistics for IRI (With, Against) for the three road classes 
in rural and urban areas, respectively. 
 
Table 4.21. Descriptive Statistics of Segment IRI in the Route Direction 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 143 95 105 102 104 102 143
Median 125 86 98 68 108 98 125
Std. Dev. 35 49 40 60 40 39 35
Min 75 40 40 40 37 37 75
Max 227 224 224 320 224 224 227
Multilane  Mean 127 136 139 128 136 129 127
Median 116 123 128 121 123 116 116
Std. Dev. 39 64 56 50 56 54 39
Min 52 40 51 40 51 51 52
Max 259 366 366 366 366 366 259
Two-Lane Mean 125 105 120 121 117 118 125
Median 111 100 113 113 112 111 111
Std. Dev. 38 55 41 45 41 41 38
Min 52 40 56 41 50 50 52
Max 259 245 245 341 255 255 259
Urban Interstate Mean 121 120 115 116 119 118 121
Median 117 134 120 127 125 125 117
Std. Dev. 51 58 58 60 55 55 51
Min 40 40 40 40 40 40 40
Max 227 259 259 259 259 259 227
Multilane  Mean 114 155 169 153 166 159 114
Median 109 151 156 139 156 146 109
Std. Dev. 48 74 60 59 59 59 48
Min 40 40 73 48 73 61 40
Max 227 328 328 366 328 328 227
Two-Lane Mean 127 131 144 138 140 143 127
Median 111 124 131 130 130 132 111
Std. Dev. 42 63 51 48 50 51 42
Min 40 40 62 50 48 48 40
Max 251 339 339 339 339 473 251
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Table 4.22. Descriptive Statistics of Segment IRI Opposite to the Route Direction  
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 85 97 108 102 107 104 144
Median 88 94 100 68 101 100 125
Std. Dev. 54 50 39 59 40 39 38
Min 40 40 46 40 41 41 70
Max 296 296 296 296 296 296 258
Multilane  Mean 41 59 126 111 122 118 123
Median 100 100 111 105 110 110 116
Std. Dev. 68 75 51 48 52 52 33
Min 40 40 56 46 56 56 51
Max 332 278 278 278 278 332 248
Two-Lane Mean 106 103 106 122 109 132 120
Median 100 100 105 112 109 124 115
Std. Dev. 47 17 20 45 31 41 35
Min 40 40 84 53 77 84 51
Max 278 135 135 308 175 206 258
Urban Interstate Mean 98 103 105 102 108 108 114
Median 116 116 116 116 117 117 117
Std. Dev. 64 61 60 67 58 59 54
Min 40 40 40 40 40 40 40
Max 296 270 270 336 322 322 258
Multilane  Mean 46 50 173 154 174 158 111
Median 100 10 160 136 160 139 110
Std. Dev. 81 89 69 68 71 70 42
Min 40 40 75 58 58 58 46
Max 455 455 455 455 455 572 258
Two-Lane Mean 123 104 135 136 131 163 122
Median 100 100 128 118 126 130 116
Std. Dev. 55 22 27 58 31 72 36
Min 40 40 89 63 75 86 46
Max 396 180 180 396 180 396 270
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 Rut Depth (With, Against). The rut depth (With) is as indicated by the IRIS Manual the 
average depth of wear occurring in the wheel pathway along a highway section carrying traffic in 
the direction of the route direction-of-inventory. The rut depth (Against) is the average rut depth 
for a highway section carrying traffic in the direction opposite to that of the route direction-of-
inventory. The measurements are recorded to the nearest 0.01 inch and ‘9.99’ is entered if no 
information is available. Table 4.23 and Table 4.24 show the descriptive statistics for rut depth 
for the three road classes in rural and urban areas, respectively. 
 
Table 4.23. Descriptive Statistics of Segment Rut Depth in the Route Direction  
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 0.16 0.26 0.21 0.18 0.35 1.81 4.27 
Median 0.06 0.06 0.07 0.05 0.10 0.08 0.17 
Std. Dev. 0.88 1.27 1.06 0.71 1.53 3.75 4.88 
Min 0.00 0.00 0.02 0.00 0.01 0.02 0.02 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Multilane  Mean 0.10 0.10 0.09 0.11 0.89 0.09 2.63 
Median 0.09 0.08 0.08 0.10 0.11 0.08 0.14 
Std. Dev. 0.07 0.07 0.06 0.07 2.66 0.06 4.31 
Min 0.00 0.00 0.02 0.02 0.02 0.02 0.02 
Max 0.42 0.31 0.31 0.32 9.99 0.31 9.99 
Two-Lane Mean 0.11 0.10 0.13 0.14 1.29 0.12 2.88 
Median 0.10 0.09 0.12 0.11 0.11 0.11 0.16 
Std. Dev. 0.08 0.07 0.07 0.40 3.21 0.07 4.43 
Min 0.00 0.00 0.02 0.01 0.01 0.01 0.02 
Max 0.47 0.35 0.35 9.99 9.99 0.35 9.99 
Urban Interstate Mean 0.14 0.13 0.13 0.11 0.74 1.72 3.69 
Median 0.09 0.11 0.11 0.09 0.08 0.11 0.17 
Std. Dev. 0.60 0.54 0.53 0.43 2.45 3.67 4.76 
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Multilane  Mean 0.12 0.10 0.11 0.13 0.48 0.12 1.59 
Median 0.09 0.08 0.09 0.10 0.11 0.10 0.11 
Std. Dev. 0.28 0.07 0.07 0.30 1.85 0.07 3.52 
Min 0.00 0.00 0.02 0.02 0.02 0.02 0.02 
Max 9.99 0.42 0.45 9.99 9.99 0.47 9.99 
Two-Lane Mean 0.12 0.13 0.14 0.13 1.08 0.14 2.08 
Median 0.11 0.11 0.12 0.12 0.12 0.13 0.14 
Std. Dev. 0.08 0.08 0.08 0.07 2.92 0.08 3.94 
Min 0.00 0.00 0.02 0.02 0.02 0.02 0.03 
Max 0.45 0.42 0.36 0.47 9.99 0.42 9.99 
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Table 4.24. Descriptive Statistics of Segment Rut Depth Opposite to the Route Direction  
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 0.16 0.25 0.21 0.18 0.66 1.81 3.30 
Median 0.06 0.07 0.07 0.05 0.08 0.09 0.15 
Std. Dev. 0.88 1.27 1.06 0.71 2.30 3.75 4.62 
Min 0.00 0.00 0.02 0.00 0.01 0.02 0.02 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Multilane  Mean 0.04 0.06 0.10 0.11 1.49 0.09 2.81 
Median 0.00 0.05 0.08 0.09 0.11 0.08 0.15 
Std. Dev. 0.06 0.07 0.06 0.06 3.45 0.06 4.41 
Min 0.00 0.00 0.01 0.01 0.02 0.01 0.02 
Max 0.40 0.33 0.33 0.33 9.99 0.40 9.99 
Two-Lane Mean 0.01 0.00 0.08 0.19 2.53 0.06 3.07 
Median 0.00 0.00 0.09 0.08 0.11 0.07 0.15 
Std. Dev. 0.04 0.01 0.03 0.95 4.26 0.03 4.53 
Min 0.00 0.00 0.03 0.01 0.02 0.03 0.02 
Max 0.26 0.13 0.13 9.99 9.99 0.10 9.99 
Urban Interstate Mean 0.12 0.12 0.12 0.10 0.69 1.66 2.65 
Median 0.08 0.11 0.11 0.08 0.00 0.10 0.13 
Std. Dev. 0.61 0.54 0.53 0.43 2.47 3.63 4.35 
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Max 9.99 9.99 9.99 9.99 9.99 9.99 9.99 
Multilane  Mean 0.04 0.03 0.11 0.14 1.11 0.10 1.64 
Median 0.00 0.00 0.08 0.09 0.08 0.08 0.11 
Std. Dev. 0.28 0.06 0.07 0.54 3.00 0.07 3.58 
Min 0.00 0.00 0.02 0.02 0.02 0.02 0.02 
Max 9.99 0.39 0.39 9.99 9.99 0.39 9.99 
Two-Lane Mean 0.02 0.00 0.10 0.11 1.84 0.10 2.26 
Median 0.00 0.00 0.09 0.09 0.11 0.08 0.15 
Std. Dev. 0.05 0.02 0.05 0.06 3.77 0.06 4.08 
Min 0.00 0.00 0.04 0.02 0.02 0.03 0.02 
Max 0.45 0.24 0.24 0.38 9.99 0.32 9.99 
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 Speed Limit. The speed limit is the legal speed in miles per hour at which a vehicle can 
be driven on a highway segment. The school zone speeds are not included. In addition, a value 
of “0” is used in the statistics if a highway segment is with missing speed limit information. Table 
4.25 shows the descriptive statistics for speed limit for the three road classes in rural and urban 
areas, respectively. 
Table 4.25. Descriptive Statistics of Speed Limit 
Descriptive Statistics 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Mean 61 62 53 58 55 52 61 
Median 65 65 45 65 65 65 65 
Std. Dev. 7 7 10 9 26 24 7 
Min 45 45 45 45 0 0 45 
Max 65 65 65 65 65 65 65 
Multilane  Mean 51 51 50 50 46 50 50 
Median 55 55 55 55 55 55 55 
Std. Dev. 10 10 12 12 18 12 12 
Min 0 0 0 0 0 0 0 
Max 65 65 65 65 65 65 65 
Two-Lane Mean 45 46 46 45 40 45 44 
Median 55 55 45 45 55 55 55 
Std. Dev. 18 17 14 15 23 18 19 
Min 0 0 0 0 0 0 0 
Max 55 55 55 55 55 55 55 
Urban Interstate Mean 54 52 50 52 55 55 54 
Median 55 55 45 55 55 55 55 
Std. Dev. 10 9 8 10 8 9 9 
Min 0 0 0 0 0 0 0 
Max 65 65 65 65 65 65 65 
Multilane  Mean 41 39 41 42 35 40 41 
Median 40 40 45 45 35 40 40 
Std. Dev. 9 8 7 9 15 10 9 
Min 0 0 0 0 0 0 0 
Max 65 65 65 65 65 65 65 
Two-Lane Mean 39 39 42 41 35 39 39 
Median 40 40 45 45 35 40 40 
Std. Dev. 11 12 9 10 17 11 11 
Min 0 0 0 0 0 0 0 
Max 55 55 55 55 55 55 55 
 
4.3.4 Characteristics of Shoulder Attributes  
 The analysis was separately conducted for inside shoulder and the outside shoulder 
(Type 1 and Type 2) for rural and urban Interstate, multilane non-Interstate, and two-lane 
highway segments. Shoulder attributes considered include shoulder type and paved shoulder 
width. The analysis results using the processed dataset are briefly described as follows:     
Distribution of Inside Shoulder Type (1 and 2). Inside shoulder type is categorized in nine 
categories as indicated in the tables below. Table 4.26 shows the distribution of inside shoulder 
Type 1 and Table 4.27 shows the distribution of inside shoulder Type 2 for rural and urban 
highways, respectively. All Interstates have paved inside shoulders. Most two-lane highways do 
not have paved inside shoulders.  
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Table 4.26(a). Distribution of Segment Type 1 Inside Shoulder for Rural Highways by Mileage 
Distribution of Type 1 Inside 
Shoulder  2000 2001 2002 2003 2004 2005 2006 
Interstate Number of Segments 529 386 775 837 683 887 820 
Mileage 220 122 264 327 273 317 302 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 97% 98% 99% 96% 99% 98% 98%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 3% 2% 1% 4% 1% 2% 2%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of Segments 365 222 307 400 282 334 416 
Mileage 90 61 80 111 75 87 114 
0 - None  54% 55% 55% 50% 53% 50% 51%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 8% 3% 2% 5% 1% 7% 6%
3 - Aggregate 8% 9% 7% 8% 7% 6% 6%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 22% 20% 26% 31% 28% 29% 30%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 8% 13% 10% 7% 10% 8% 7%
Two-Lane Number of Segments 660 364 547 923 524 636 704 
Mileage 419 259 297 500 338 418 452 
0 - None  99% 98% 99% 99% 99% 99% 99%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 1% 2% 1% 1% 1% 1% 1%
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Table 4.26(b). Distribution of Segment Type 1 Inside Shoulder for Urban Highways by Mileage 
Distribution of Type 1 Inside 
Shoulder  2000 2001 2002 2003 2004 2005 2006 
Interstate Number of Segments 265 193 388 418 341 443 410 
Mileage 110 61 132 164 137 159 151 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 1% 0% 0% 0% 0% 0% 1%
3 - Aggregate 1% 0% 0% 0% 0% 1% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 75% 71% 80% 81% 79% 82% 82%
6 - Concrete-Untied 8% 14% 9% 7% 8% 7% 8%
7 - Concrete-Tied 2% 2% 1% 2% 2% 1% 1%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 13% 14% 10% 9% 10% 9% 9%
Multilane  Number of Segments 1,405 912 1,219 1,526 1,077 1,254 1,355 
Mileage 244 196 236 270 217 238 264 
0 - None  78% 77% 81% 79% 77% 75% 75%
1 - Earth  0% 1% 0% 0% 1% 1% 1%
2 - Sod 2% 0% 0% 1% 1% 1% 1%
3 - Aggregate 2% 2% 1% 1% 2% 1% 1%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 6% 4% 4% 7% 4% 7% 9%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 13% 16% 13% 11% 16% 14% 13%
Two-Lane Number of Segments 827 469 734 1,153 592 770 837 
Mileage 151 98 125 183 123 145 155 
0 - None  99% 98% 99% 99% 99% 99% 99%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 1% 1% 1% 1% 1% 1% 1%
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Table 4.27(a). Distribution of Segment Type 2 Inside Shoulder for Rural Highways by Mileage 
Distribution of Type 2 Inside 
Shoulder  2000 2001 2002 2003 2004 2005 2006 
Interstate Number of Segments 529 386 775 837 683 887 820 
Mileage 220 122 264 327 273 317 302 
0 - None  53% 58% 75% 61% 64% 60% 59%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 4% 4% 2% 2% 3% 2% 2%
3 - Aggregate 42% 38% 23% 37% 33% 38% 39%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of Segments 365 222 307 400 282 334 416 
Mileage 90 61 80 111 75 87 114 
0 - None  91% 89% 85% 84% 84% 85% 86%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 3% 2% 2% 2% 2% 3% 2%
3 - Aggregate 6% 9% 13% 14% 14% 12% 12%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
Two-Lane Number of Segments 660 364 547 923 524 636 704 
Mileage 419 259 297 500 338 418 452 
0 - None  100% 100% 100% 100% 100% 100% 100%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
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Table 4.27(b). Distribution of Segment Type 2 Inside Shoulder for Urban Highways by Mileage 
Distribution of Type 2 Inside 
Shoulder  2000 2001 2002 2003 2004 2005 2006 
Interstate Number of Segments 265 193 388 418 341 443 410 
Mileage 110 61 132 164 137 159 151 
0 - None  82% 91% 93% 84% 90% 85% 87%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 4% 4% 2% 3% 3% 3% 2%
3 - Aggregate 14% 5% 5% 13% 7% 13% 12%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of Segments 1,405 912 1,219 1,526 1,077 1,254 1,355 
Mileage 244 196 236 270 217 238 264 
0 - None  99% 99% 100% 99% 99% 98% 98%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 1% 1% 0% 1% 1% 2% 2%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
Two-Lane Number of Segments 827 469 734 1,153 592 770 837 
Mileage 151 98 125 183 123 145 155 
0 - None  100% 100% 100% 100% 100% 100% 100%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
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 Distribution of Outside Shoulder Type (1 and 2). Outside shoulder type is categorized in 
nine categories as indicated in the tables below. Table 4.28 shows the distribution of outside 
shoulder Type 1 and Table 4.29 shows the distribution of outside shoulder Type 2 for rural and 
urban highways, respectively. All Interstates have paved outside shoulders. Most multilane non-
Interstates have paved shoulders while most two-lane highways have stabilized or paved 
outside shoulders.  
 
Table 4.28(a). Distribution of Segment Type 1 Outside Shoulder for Rural Highways by Mileage 
Distribution of Type 1 Outside 
Shoulder  2000 2001 2002 2003 2004 2005 2006 
Interstate Number of Segments 529 386 775 837 683 887 820 
Mileage 220 122 264 327 273 317 302 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 1% 0% 0% 0% 0% 0% 0%
5 - Bituminous 92% 94% 97% 95% 95% 95% 95%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 7% 6% 3% 4% 4% 4% 4%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of Segments 365 222 307 400 282 334 416 
Mileage 90 61 80 111 75 87 114 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 3% 2% 2% 2% 1% 1% 1%
3 - Aggregate 21% 23% 17% 17% 18% 17% 17%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 55% 42% 53% 62% 55% 61% 62%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 2% 4% 3% 1% 2% 2% 2%
9 - Other 20% 30% 24% 18% 23% 19% 18%
Two-Lane Number of Segments 660 364 547 923 524 636 704 
Mileage 419 259 297 500 338 418 452 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 10% 7% 5% 7% 7% 7% 11%
3 - Aggregate 40% 47% 32% 29% 39% 39% 38%
4 - Surface Treated 0% 1% 0% 0% 1% 0% 0%
5 - Bituminous 46% 43% 61% 61% 49% 51% 48%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 2% 1% 0% 1% 2% 2% 1%
9 - Other 1% 2% 1% 1% 2% 1% 1%
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Table 4.28(b). Distribution of Segment Type 1 Outside Shoulder for Urban Highways by Mileage 
Distribution of Type 1 Outside 
Shoulder  2000 2001 2002 2003 2004 2005 2006 
Interstate Number of Segments 265 193 388 418 341 443 410 
Mileage 110 61 132 164 137 159 151 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 1% 0% 0% 0%
3 - Aggregate 3% 4% 2% 5% 3% 2% 3%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 86% 83% 88% 80% 87% 89% 90%
6 - Concrete-Untied 0% 0% 1% 1% 1% 1% 0%
7 - Concrete-Tied 2% 2% 1% 2% 2% 1% 2%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 9% 12% 7% 11% 7% 7% 6%
Multilane  Number of Segments 1,405 912 1,219 1,526 1,077 1,254 1,355 
Mileage 244 196 236 270 217 238 264 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 1% 1% 1% 0% 0% 1% 1%
3 - Aggregate 7% 7% 6% 6% 6% 6% 6%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 27% 17% 34% 41% 23% 29% 32%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 1% 0% 0% 1% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 64% 74% 59% 52% 69% 64% 60%
Two-Lane Number of Segments 827 469 734 1,153 592 770 837 
Mileage 151 98 125 183 123 145 155 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 3% 3% 1% 3% 3% 5% 4%
3 - Aggregate 25% 30% 21% 18% 30% 25% 26%
4 - Surface Treated 0% 1% 1% 0% 1% 1% 0%
5 - Bituminous 33% 30% 53% 56% 35% 34% 32%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 3% 1% 0% 1% 2% 2% 2%
9 - Other 35% 36% 25% 23% 29% 34% 35%
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Table 4.29(a). Distribution of Segment Type 2 Outside Shoulder for Rural Highways by Mileage 
Distribution of Type 2 Outside 
Shoulder  2000 2001 2002 2003 2004 2005 2006 
Interstate Number of Segments 529 386 775 837 683 887 820 
Mileage 220 122 264 327 273 317 302 
0 - None  52% 54% 75% 59% 63% 59% 58%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 5% 5% 2% 3% 4% 3% 3%
3 - Aggregate 43% 40% 23% 38% 33% 38% 39%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of Segments 365 222 307 400 282 334 416 
Mileage 90 61 80 111 75 87 114 
0 - None  79% 85% 84% 75% 79% 72% 75%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 4% 0% 1% 2% 1% 3% 3%
3 - Aggregate 12% 14% 15% 19% 20% 20% 18%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 3% 0% 0% 2% 0% 2% 3%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 2% 0% 0% 2% 0% 1% 1%
9 - Other 0% 0% 0% 1% 0% 0% 0%
Two-Lane Number of Segments 660 364 547 923 524 636 704 
Mileage 419 259 297 500 338 418 452 
0 - None  68% 72% 79% 75% 69% 65% 67%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 11% 10% 8% 9% 12% 12% 11%
3 - Aggregate 19% 17% 12% 14% 18% 20% 19%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 1% 1% 1% 1% 0% 1% 1%
9 - Other 1% 0% 0% 1% 1% 2% 1%
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Table 4.29(b). Distribution of Segment Type 2 Outside Shoulder for Urban Highways by Mileage 
Distribution of Type 2 Outside 
Shoulder  2000 2001 2002 2003 2004 2005 2006 
Interstate Number of Segments 265 193 388 418 341 443 410 
Mileage 110 61 132 164 137 159 151 
0 - None  77% 86% 92% 80% 87% 81% 84%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 5% 5% 2% 5% 4% 4% 4%
3 - Aggregate 17% 9% 6% 15% 8% 15% 14%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 1% 0% 0% 0% 0%
Multilane  Number of Segments 1,405 912 1,219 1,526 1,077 1,254 1,355 
Mileage 244 196 236 270 217 238 264 
0 - None  93% 95% 96% 94% 95% 93% 93%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 1% 0% 0% 1% 0% 2% 1%
3 - Aggregate 2% 2% 2% 2% 2% 3% 3%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 1% 0% 0% 1% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 2% 1% 0% 1% 0% 1% 1%
9 - Other 1% 2% 2% 1% 2% 1% 1%
Two-Lane Number of Segments 827 469 734 1,153 592 770 837 
Mileage 151 98 125 183 123 145 155 
0 - None  80% 84% 91% 85% 83% 80% 81%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 3% 3% 2% 2% 3% 4% 3%
3 - Aggregate 11% 9% 7% 9% 10% 11% 10%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 0% 0% 1% 1% 0%
9 - Other 5% 3% 1% 4% 4% 4% 5%
 
 
 Distribution of Inside Shoulder Width (Types 1 and 2). Inside shoulder paved width is 
classified as four categories: no paved width or none, narrow width (1-4ft), medium width (5-8ft), 
and wide width (> 8ft). Table 4.30 shows the distribution of inside shoulder Type 1 width and 
Table 4.31 shows the distribution of inside shoulder Type 2 width for rural and urban highways, 
respectively.  
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Table 4.30. Distribution of Segment Type 1 Inside Shoulder Width by Mileage 
Distribution of Type 1 Inside 
Shoulder  
Width 
2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Number of 
Segments 
529 386 775 837 683 887 820 
Mileage 220 122 264 327 273 317 302 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Narrow width  30% 37% 33% 41% 26% 24% 23%
2 - Medium width 58% 51% 44% 48% 52% 52% 52%
3 - Wide width 12% 12% 23% 11% 23% 25% 26%
Multilane  Number of 
Segments 
365 222 307 400 282 334 416 
Mileage 90 61 80 111 75 87 114 
0 - None  64% 70% 66% 51% 65% 60% 60%
1 - Narrow width  14% 14% 13% 20% 12% 11% 12%
2 - Medium width 20% 13% 17% 27% 19% 26% 27%
3 - Wide width 3% 4% 4% 2% 4% 3% 2%
Two-
Lane  
Number of 
Segments 
660 364 547 923 524 636 704 
Mileage 419 259 297 500 338 418 452 
0 - None  100% 100% 100% 77% 100% 100% 100%
1 - Narrow width  0% 0% 0% 23% 0% 0% 0%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Urban Interstate Number of 
Segments 
265 193 388 418 341 443 410 
Mileage 110 61 132 164 137 159 151 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Narrow width  23% 21% 26% 28% 21% 21% 20%
2 - Medium width 53% 49% 40% 48% 40% 43% 45%
3 - Wide width 24% 30% 33% 24% 39% 35% 35%
Multilane  Number of 
Segments 
1,405 912 1,219 1,526 1,077 1,254 1,355 
Mileage 244 196 236 270 217 238 264 
0 - None  91% 94% 94% 77% 92% 90% 87%
1 - Narrow width  4% 3% 3% 17% 3% 5% 5%
2 - Medium width 4% 2% 3% 5% 3% 4% 7%
3 - Wide width 1% 1% 1% 1% 1% 1% 1%
Two-
Lane 
Number of 
Segments 
827 469 734 1,153 592 770 837 
Mileage 151 98 125 183 123 145 155 
0 - None  100% 100% 100% 70% 100% 100% 100%
1 - Narrow width  0% 0% 0% 30% 0% 0% 0%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
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Table 4.31. Distribution of Segment Type 2 Inside Shoulder Width by Mileage 
Distribution of Type 1 Inside 
Shoulder  
Width 
2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Number of 
Segments 
529 386 775 837 683 887 820 
Mileage 220 122 264 327 273 317 302 
0 - None  54% 59% 75% 61% 65% 60% 59%
1 - Narrow width  46% 41% 24% 39% 35% 40% 41%
2 - Medium width 0% 0% 1% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of 
Segments 
365 222 307 400 282 334 416 
Mileage 90 61 80 111 75 87 114 
0 - None  91% 89% 85% 84% 84% 85% 86%
1 - Narrow width  13% 11% 15% 16% 16% 15% 14%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Two-
Lane 
Number of 
Segments 
660 364 547 923 524 636 704 
Mileage 419 259 297 500 338 418 452 
0 - None  100% 100% 100% 100% 100% 100% 100%
1 - Narrow width  0% 0% 0% 0% 0% 0% 0%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Urban Interstate Number of 
Segments 
265 193 388 418 341 443 410 
Mileage 110 61 132 164 137 159 151 
0 - None  82% 91% 90% 84% 90% 85% 85%
1 - Narrow width  18% 9% 10% 16% 10% 15% 15%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of 
Segments 
1,405 912 1,219 1,526 1,077 1,254 1,355 
Mileage 244 196 236 270 217 238 264 
0 - None  99% 99% 100% 99% 99% 98% 98%
1 - Narrow width  1% 1% 0% 1% 1% 1% 2%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Two-
Lane 
Number of 
Segments 
827 469 734 1,153 592 770 837 
Mileage 151 98 125 183 123 145 155 
0 - None  100% 100% 100% 100% 100% 100% 100%
1 - Narrow width  0% 0% 0% 0% 0% 0% 0%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
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 Distribution of Outside Shoulder Width (Types 1 and 2). Outside shoulder width is 
divided into four categories as indicated in the tables below. Table 4.32 shows the distribution of 
outside shoulder Type 1 width and Table 4.33 shows the distribution of outside shoulder Type 2 
width for rural and urban highways, respectively.  
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Table 4.32. Distribution of Segment Type 1 Outside Shoulder Width by Mileage 
Distribution of Type 1 Outside 
Shoulder  
Width 
2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Number of 
Segments 
529 386 775 837 683 887 820 
Mileage 220 122 264 327 273 317 302 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Narrow width  6% 4% 3% 5% 5% 7% 5%
2 - Medium width 7% 9% 6% 7% 4% 8% 8%
3 - Wide width 87% 87% 91% 88% 91% 84% 87%
Multilane  Number of 
Segments 
365 222 307 400 282 334 416 
Mileage 90 61 80 111 75 87 114 
0 - None  29% 38% 32% 24% 33% 27% 29%
1 - Narrow width  11% 1% 1% 7% 1% 8% 9%
2 - Medium width 21% 18% 14% 17% 15% 17% 17%
3 - Wide width 39% 42% 52% 52% 51% 47% 46%
Two-
Lane 
Number of 
Segments 
660 364 547 923 524 636 704 
Mileage 419 259 297 500 338 418 452 
0 - None  14% 13% 9% 10% 12% 14% 14%
1 - Narrow width  46% 42% 32% 36% 43% 49% 47%
2 - Medium width 28% 32% 20% 20% 28% 27% 28%
3 - Wide width 12% 13% 40% 34% 16% 11% 12%
Urban Interstate Number of 
Segments 
265 193 388 418 341 443 410 
Mileage 110 61 132 164 137 159 151 
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Narrow width  8% 9% 2% 11% 1% 8% 7%
2 - Medium width 17% 20% 4% 16% 10% 14% 14%
3 - Wide width 75% 71% 94% 72% 89% 78% 78%
Multilane  Number of 
Segments 
1,405 912 1,219 1,526 1,077 1,254 1,355 
Mileage 244 196 236 270 217 238 264 
0 - None  71% 79% 63% 58% 77% 71% 69%
1 - Narrow width  4% 2% 2% 3% 2% 3% 5%
2 - Medium width 9% 10% 7% 7% 8% 9% 8%
3 - Wide width 16% 10% 29% 31% 13% 17% 18%
Two-
Lane 
Number of 
Segments 
827 469 734 1,153 592 770 837 
Mileage 151 98 125 183 123 145 155 
0 - None  45% 44% 30% 28% 38% 42% 44%
1 - Narrow width  23% 25% 16% 19% 25% 27% 24%
2 - Medium width 24% 24% 17% 16% 26% 23% 24%
3 - Wide width 9% 7% 37% 37% 11% 8% 8%
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Table 4.33. Distribution of Segment Type 2 Outside Shoulder Width by Mileage 
Distribution of Type 2 Outside 
Shoulder  
Width 
2000 2001 2002 2003 2004 2005 2006 
Rural Interstate Number of 
Segments 
529 386 775 837 683 887 820 
Mileage 220 122 264 327 273 317 302 
0 - None  52% 55% 75% 59% 63% 60% 58%
1 - Narrow width  48% 45% 24% 41% 37% 40% 42%
2 - Medium width 0% 0% 1% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of 
Segments 
365 222 307 400 282 334 416 
Mileage 90 61 80 111 75 87 114 
0 - None  81% 85% 84% 77% 79% 74% 76%
1 - Narrow width  12% 14% 16% 19% 21% 21% 18%
2 - Medium width 7% 0% 0% 4% 0% 5% 6%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Two-
Lane 
Number of 
Segments 
660 364 547 923 524 636 704 
Mileage 419 259 297 500 338 418 452 
0 - None  70% 73% 80% 76% 70% 67% 69%
1 - Narrow width  20% 20% 16% 15% 21% 21% 19%
2 - Medium width 11% 7% 4% 9% 9% 12% 11%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Urban Interstate Number of 
Segments 
265 193 388 418 341 443 410 
Mileage 110 61 132 164 137 159 151 
0 - None  77% 86% 88% 80% 87% 81% 83%
1 - Narrow width  22% 14% 12% 19% 12% 18% 17%
2 - Medium width 0% 1% 0% 1% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Multilane  Number of 
Segments 
1,405 912 1,219 1,526 1,077 1,254 1,355 
Mileage 244 196 236 270 217 238 264 
0 - None  96% 98% 98% 96% 97% 95% 95%
1 - Narrow width  3% 2% 2% 3% 3% 4% 4%
2 - Medium width 1% 0% 0% 1% 0% 1% 1%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Two-
Lane 
Number of 
Segments 
827 469 734 1,153 592 770 837 
Mileage 151 98 125 183 123 145 155 
0 - None  86% 88% 92% 90% 88% 85% 87%
1 - Narrow width  9% 7% 5% 7% 8% 10% 9%
2 - Medium width 4% 5% 3% 4% 5% 5% 5%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
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4.3.5 Identification of Appropriate Comparison Groups 
 For rural/urban Interstate, multilane non-Interstate (divided or undivided median), and 
two-lane highways, the treatment group and reference group are classified by shoulder type, 
shoulder width, and AADT, respectively. For each classification, the highway segments are 
spited into four groups for the period 2000-2006: segments without pavement 3P/3R treatments 
and without shoulder work, segments without pavement 3P/3R treatments and with shoulder 
work, segments with pavement 3P/3R treatments and without shoulder work, and segments 
with pavement 3P/3R treatments and with shoulder work.  
 Treatment Group and Reference Group Established by Shoulder Type. Table 4.34 lists 
four groups of highway segments classified by highway class and by shoulder type. The 
highway segments in the first column represent the segments in the reference group without 
experiencing pavement 3P/3R treatments and shoulder work. Those segments could be used to 
calibrate SPFs for total, fatal, injury, and PDO crashes for different highway classes, 
respectively. The SPFs could be used to predict the expected crashes for the segments in the 
three treated groups, including segments without pavement 3P/3R with shoulder work, 
segments with pavement 3P/3R without shoulder work, and segments with both pavement 
3P/3R and shoulder work, as listed in the remaining columns of Table 4.34.  
 The empirical Bayesian (EB) crash estimates for the treated segments in the three 
treated groups during the before treatment period could then be established by taking the 
weighted sum of predicted crashes and actually observed crashes. The expected crashes for 
the segments in the three treated groups during the after treatment period had the treatment not 
being implemented could then be estimated on the basis of EB estimates during before 
treatment period by taking into consideration of traffic volume changes and total number of 
years considered in the after treatment period. The differences between EB estimates and 
observed crashes for the segments in the three treated groups during the after treatment period 
are the effects of the three types of treatments. Ultimately, the effects of different types of 
shoulder work in reducing crashes without and with pavement 3P/3R treatments implemented at 
the same time could be separately determined. As in the Table, highway segments that could 
be used for developing SPFs for different highway classes are shaded in light blue color and 
segments could be used as segments in the three treated groups are shaded in gray color.  
 
72 
 
Table 4.34(a). Number and Length of Segments Identified by Type 1 Outside Shoulder in the 
Treatment Group and Reference Group for Rural Highways in 2000-2006 
Rural 
Highway 
Class 
Shoulder Type 
Without Pavement 3P/3R With Pavement 3P/3R 
Without Shoulder 
Work 
With Shoulder 
Work 
Without 
Shoulder Work 
With Shoulder 
Work 
Segment Mile Segment Mile Segment Mile Segment Mile 
Interstate 0 - None  0 0.0 0 0.0 0 0.0 0 0.0
1 - Earth  0 0.0 0 0.0 0 0.0 0 0.0
2 - Sod 0 0.0 0 0.0 0 0.0 0 0.0
3 - Aggregate 1 0.0 0 0.0 0 0.0 0 0.0
4 - Surface 
Treated 2 0.9 0 0.0 1 0.3 0 0.0
5 - Bituminous 856 405.3 31 35.3 53 27.3 206 116.6
6 - Concrete-
Untied 0 0.0 0 0.0 0 0.0 0 0.0
7 - Concrete-
Tied 38 20.6 0 0.0 3 0.1 14 12.5
8 - Gutter 0 0.0 0 0.0 0 0.0 0 0.0
9 - Other 1 0.4 0 0.0 3 0.0 0 0.0
Multilane, 
Divided 
0 - None  9 0.9 0 0.0 2 0.1 0 0.0
1 - Earth  0 0.0 0 0.0 0 0.0 0 0.0
2 - Sod 1 0.0 0 0.0 0 0.0 0 0.0
3 - Aggregate 7 1.9 0 0.0 0 0.0 0 0.0
4 - Surface 
Treated 0 0.0 0 0.0 0 0.0 0 0.0
5 - Bituminous 36 3.0 0 0.0 0 0.0 0 0.0
6 - Concrete-
Untied 0 0.0 0 0.0 0 0.0 0 0.0
7 - Concrete-
Tied 0 0.0 0 0.0 0 0.0 0 0.0
8 - Gutter 0 0.0 0 0.0 0 0.0 0 0.0
9 - Other 5 0.5 0 0.0 0 0.0 0 0.0
Multilane, 
Undivided 
0 - None  58 12.8 0 0.0 0 0.0 0 0.0
1 - Earth  0 0.0 0 0.0 0 0.0 0 0.0
2 - Sod 15 5.3 0 0.0 3 0.9 0 0.0
3 - Aggregate 126 27.7 1 0.1 10 2.6 7 0.9
4 - Surface 
Treated 0 0.0 0 0.0 0 0.0 0 0.0
5 - Bituminous 383 76.3 0 0.0 31 13.1 3 0.7
6 - Concrete-
Untied 0 0.0 0 0.0 0 0.0 0 0.0
7 - Concrete-
Tied 0 0.0 0 0.0 0 0.0 0 0.0
8 - Gutter 17 4.1 1 0.1 0 0.0 0 0.0
9 - Other 110 23.9 0 0.0 47 7.2 0 0.0
Two-
Lane 
0 - None  116 58.7 0 0.0 31 7.7 0 0.0
1 - Earth  0 0.0 0 0.0 0 0.0 0 0.0
2 - Sod 127 71.6 2 1.3 17 6.2 1 2.1
3 - Aggregate 490 242.9 8 3.5 77 31.5 13 13.8
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4 - Surface 
Treated 4 0.6 0 0.0 0 0.0 0 0.0
5 - Bituminous 450 196.9 4 0.8 99 32.9 2 0.7
6 - Concrete-
Untied 0 0.0 0 0.0 0 0.0 0 0.0
7 - Concrete-
Tied 0 0.0 0 0.0 0 0.0 0 0.0
8 - Gutter 34 8.6 0 0.0 1 0.1 0 0.0
9 - Other 35 7.8 0 0.0 6 1.9 0 0.0
Rural Total  2,921 1,171  47  41  384  132   246  147 
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Table 4.34(b). Number of Segments Identified by Type 1 Outside Shoulder the Treatment Group 
and Reference Group for Urban Highways in 2000-2006 
Urban 
Highway 
Class 
Shoulder Type 
Without Pavement 3P/3R With Pavement 3P/3R 
Without Shoulder 
Work 
With Shoulder 
Work 
Without 
Shoulder Work 
With Shoulder 
Work 
Segment Mile Segment Mile Segment Mile Segment Mile 
Interstate 0 - None  0 0.0 0 0.0 0 0.0 0 0.0
1 - Earth  0 0.0 0 0.0 0 0.0 0 0.0
2 - Sod 0 0.0 0 0.0 0 0.0 0 0.0
3 - Aggregate 0 0.0 0 0.0 0 0.0 0 0.0
4 - Surface 
Treated 
0 0.0 0 0.0 0 0.0 0 0.0
5 - Bituminous 802 175.8 13 4.7 38 7.9 127 28.1
6 - Concrete-
Untied 
8 1.3 0 0.0 0 0.0 0 0.0
7 - Concrete-
Tied 
7 1.8 0 0.0 0 0.0 7 1.6
8 - Gutter 0 0.0 0 0.0 0 0.0 0 0.0
9 - Other 0 0.0 0 0.0 0 0.0 0 0.0
Multilane, 
Divided 
0 - None  27 2.0 0 0.0 0 0.0 0 0.0
1 - Earth  0 0.0 0 0.0 0 0.0 0 0.0
2 - Sod 2 0.1 0 0.0 0 0.0 0 0.0
3 - Aggregate 6 0.7 0 0.0 0 0.0 0 0.0
4 - Surface 
Treated 
0 0.0 0 0.0 0 0.0 0 0.0
5 - Bituminous 90 7.6 5 1.1 3 0.6 0 0.0
6 - Concrete-
Untied 
0 0.0 0 0.0 0 0.0 0 0.0
7 - Concrete-
Tied 
0 0.0 0 0.0 0 0.0 0 0.0
8 - Gutter 1 0.1 0 0.0 0 0.0 0 0.0
9 - Other 83 6.1 0 0.0 0 0.0 0 0.0
Multilane, 
Undivided 
0 - None  165 26.1 0 0.0 8 1.4 13 1.2
1 - Earth  0 0.0 0 0.0 0 0.0 0 0.0
2 - Sod 64 6.3 1 0.0 28 2.1 1 0.1
3 - Aggregate 204 31.0 0 0.0 21 3.4 1 0.1
4 - Surface 
Treated 
10 0.8 0 0.0 0 0.0 0 0.0
5 - Bituminous 572 79.8 29 4.7 115 13.1 19 4.6
6 - Concrete-
Untied 
0 0.0 0 0.0 0 0.0 0 0.0
7 - Concrete-
Tied 
9 1.0 0 0.0 0 0.0 0 0.0
8 - Gutter 12 0.8 0 0.0 7 0.7 0 0.0
9 - Other 1270 206.0 2 0.1 67 10.5 2 1.0
Two-
Lane 
0 - None  107 13.7 0 0.0 52 4.7 0 0.0
1 - Earth  0 0.0 0 0.0 0 0.0 0 0.0
2 - Sod 62 9.5 0 0.0 0 0.0 0 0.0
3 - Aggregate 415 89.5 1 0.1 70 9.1 4 1.1
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4 - Surface 
Treated 
20 1.2 0 0.0 0 0.0 0 0.0
5 - Bituminous 497 59.5 0 0.0 128 10.0 1 0.0
6 - Concrete-
Untied 
0 0.0 0 0.0 0 0.0 0 0.0
7 - Concrete-
Tied 
0 0.0 0 0.0 0 0.0 0 0.0
8 - Gutter 34 3.6 0 0.0 10 1.3 0 0.0
9 - Other 592 75.3 0 0.0 86 10.4 46 3.5
Urban Total  5,059  799  51  11  633  75   221  41 
 
 Treatment Group and Reference Group Established by Shoulder Width. Table 4.35 lists 
four groups of highway segments classified by shoulder width. The effects of using different 
paved shoulder widths in reducing crashes without and with pavement 3P/3R treatments 
implemented at the same time could be separately determined. As in the Table, highway 
segments that could be used for developing SPFs and as segments in the three treated groups 
are shaded in light blue color and in gray color, respectively.  
 
Table 4.35. Number of Segments Identified by Type 1 Outside Shoulder Width in the Treatment 
Group and Reference Group in 2000-2006 
Highway Class Shoulder Width 
Without Pavement 3P/3R With Pavement 3P/3R 
Without Shoulder 
Work 
With Shoulder 
Work 
Without 
Shoulder Work 
With Shoulder 
Work 
Segment Mile Segment Mile Segment Mile Segment Mile 
Rural Interstate 0 - None  0 0.0 0 0.0 0 0.0 0 0.0
1 - Narrow 
width 
0 0.0 0 0.0 0 0.0 0 0.0
2 - Medium 
width 
29 10.6 0 0.0 0 0.0 23 18.0
3 - Wide 
width 
869 416.6 31 35.3 57 27.7 197 110.8
Multilane, 
Divided 
0 - None  14 1.4 0 0.0 2 0.1 0 0.0
1 - Narrow 
width 
11 2.3 0 0.0 0 0.0 0 0.0
2 - Medium 
width 
8 0.4 0 0.0 0 0.0 0 0.0
3 - Wide 
width 
25 2.4 0 0.0 0 0.0 0 0.0
Multilane, 
Undivided 
0 - None  185 40.8 1 0.1 47 7.2 0 0.0
1 - Narrow 
width 
58 9.5 0 0.0 12 4.2 0 0.0
2 - Medium 
width 
134 32.2 0 0.0 12 3.2 0 0.0
3 - Wide 
width 
332 67.6 1 0.1 20 9.2 10 1.6
Two-
Lane 
0 - None  185 75.1 0 0.0 38 9.7 0 0.0
1 - Narrow 
width 
598 317.9 4 0.8 139 49.6 13 13.8
2 - Medium 314 129.8 1 0.9 14 4.8 0 0.0
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width 
3 - Wide 
width 
159 64.3 9 4.0 40 16.2 3 2.8
Urban Interstate 0 - None  0 0.0 0 0.0 0 0.0 0 0.0
1 - Narrow 
width 
0 0.0 0 0.0 0 0.0 0 0.0
2 - Medium 
width 
57 9.0 0 0.0 1 0.2 2 0.8
3 - Wide 
width 
760 169.8 13 4.7 37 7.7 132 28.9
Multilane, 
Divided 
0 - None  111 8.1 0 0.0 0 0.0 0 0.0
1 - Narrow 
width 
18 1.5 2 0.1 0 0.0 0 0.0
2 - Medium 
width 
15 1.4 0 0.0 0 0.0 0 0.0
3 - Wide 
width 
65 5.5 3 1.0 3 0.6 0 0.0
Multilane, 
Undivided 
0 - None  1447 232.9 2 0.1 82 12.6 15 2.2
1 - Narrow 
width 
108 13.3 0 0.0 32 2.0 0 0.0
2 - Medium 
width 
216 28.2 2 0.3 63 7.9 3 0.3
3 - Wide 
width 
535 77.3 28 4.5 69 8.7 18 4.5
Two-
Lane 
0 - None  733 92.6 0 0.0 148 16.4 46 3.5
1 - Narrow 
width 
436 76.5 1 0.1 98 9.0 0 0.0
2 - Medium 
width 
394 63.8 0 0.0 52 5.5 4 0.2
3 - Wide 
width 
164 19.4 0 0.0 48 4.6 1 0.9
Total  7,980 1,970  98  52  1,014  207   467  188 
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 Treatment Group and Reference Group Established by Traffic Volume Level. Table 4.36 
lists four groups of highway segments classified by traffic volume level, including AADT less 
than 10,000, AADT between 10,000 and 20,000, AADT between 20,000 and 30,000, AADT 
between 30,000 and 40,000, and AADT greater than 40,000. The effects of shoulder work in 
reducing crashes for segments with different traffic volumes without and with pavement 3P/3R 
treatments implemented at the same time could be separately determined. Highway segments 
that could be used for developing SPFs and as segments in the three treated groups are 
shaded in light blue color and in gray color, respectively.  
 
Table 4.36(a). Number of Segments Identified by Traffic Volume in the Treatment Group and 
Reference Group for Rural Highways in 2000-2006 
Highway 
Class AADT 
Without Pavement 3P/3R With Pavement 3P/3R 
Without Shoulder 
Work 
With Shoulder 
Work 
Without 
Shoulder Work 
With Shoulder 
Work 
Segment Mile Segment Mile Segment Mile Segment Mile
Interstate < 10,000 0 0.0 0 0.0 0 0.0 0 0.0
10,000- 
20,000 
358 191.5 17 14.5 5 2.7 114 86.9
20,000- 
30,000 
271 112.3 14 20.8 4 1.2 86 29.4
30,000- 
40,000 
104 44.7 0 0.0 8 2.6 9 5.7
> 40,000 165 78.7 0 0.0 40 21.3 11 7.0
Multilane, 
Divided 
< 10,000 9 0.9 0 0.0 1 0.05 0 0.0
10,000- 
20,000 
18 2.6 0 0.0 1 0.1 0 0.0
20,000- 
30,000 
13 1.0 0 0.0 0 0.0 0 0.0
30,000- 
40,000 
7 1.1 0 0.0 0 0.0 0 0.0
> 40,000 11 0.7 0 0.0 0 0.0 0 0.0
Multilane, 
Undivided 
< 10,000 96 23.3 2 0.2 28 6.7 3 0.7
10,000- 
20,000 
216 36.9 0 0.0 51 14.6 6 0.3
20,000- 
30,000 
114 21.9 0 0.0 10 1.8 0 0.0
30,000- 
40,000 
161 42.4 0 0.0 1 0.5 1 0.6
> 40,000 122 25.5 0 0.0 1 0.1 0 0.0
Two-
Lane 
< 10,000 145 55.1 10 4.5 82 18.5 7 10.7
10,000- 
20,000 
329 150.5 3 0.9 82 31.7 3 0.8
20,000- 
30,000 
258 108.2 0 0.0 29 14.4 2 0.7
30,000- 
40,000 
309 150.6 1 0.2 17 7.6 2 0.6
> 40,000 215 122.7 0 0.0 21 8.2 2 3.9
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Table 4.36(b). Number of Segments Identified by Traffic Volume in the Treatment Group and 
Reference Group for Urban Highways in 2000-2006 
Highway 
Class AADT 
Without Pavement 3P/3R With Pavement 3P/3R 
Without Shoulder
Work 
With Shoulder 
Work 
Without 
Shoulder Work 
With Shoulder 
Work 
Segment Mile Segment Mile Segment Mile Segment Mile
Interstate < 10,000 0 0.0 0 0.0 0 0.0 0 0.0
10,000- 
20,000 
205 51.0 2 1.0 4 0.5 46 9.9
20,000- 
30,000 
221 49.0 11 3.7 4 0.7 52 10.8
30,000- 
40,000 
164 22.7 0 0.0 3 1.7 19 4.5
> 40,000 227 56.2 0 0.0 27 5.0 17 4.5
Multilane, 
Divided 
< 10,000 13 1.3 0 0.0 0 0.0 0 0.0
10,000- 
20,000 
69 4.9 2 0.6 1 0.4 0 0.0
20,000- 
30,000 
43 3.2 3 0.4 2 0.2 0 0.0
30,000- 
40,000 
25 1.9 0 0.0 0 0.0 0 0.0
> 40,000 58 5.3 0 0.0 0 0.0 0 0.0
Multilane, 
Undivided 
< 10,000 216 34.7 3 0.6 52 4.9 29 5.3
10,000- 
20,000 
567 68.6 11 1.8 79 10.1 6 1.6
20,000- 
30,000 
524 89.3 10 2.1 72 9.0 0 0.0
30,000- 
40,000 
607 98.2 7 0.3 27 3.1 1 0.1
> 40,000 390 60.8 1 0.1 16 4.1 0 0.0
Two-
Lane 
< 10,000 151 25.1 1 0.1 143 12.8 25 1.6
10,000- 
20,000 
454 55.1 0 0.0 120 13.6 20 2.8
20,000- 
30,000 
356 46.5 0 0.0 49 4.9 0 0.0
30,000- 
40,000 
467 78.8 0 0.0 25 2.5 4 0.2
> 40,000 299 46.9 0 0.0 9 1.7 2 0.1
 
 
4.3.6 Frequencies and Characteristics of Highway Shoulder-Related Crashes 
 The shoulder-related crash types primarily include head on, sideswipe- opposite 
direction, sideswipe- same direction, fixed object, overturned- single vehicle, and overturned-
multiple vehicles. Tables 4.37-4.40 summarize distributions of shoulder-related crashes for 
different highway classes for total, fatal, injury, and PDO crashes for each year during 2000-
2006, respectively. Of all types of shoulder-related crashes, sideswipe- same direction and fixed 
object are the predominant types in terms of total number of crashes or crash frequencies in 
number of crashes per mile per year. In addition, the percentage of shoulder-related crashes out 
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of all crashes is highest for Interstates, followed by multilane non-Interstates-undivided, two-
lane, and is lowest for multilane non-Interstates-divided; and it varies between 1-10 percent.  
 
Table 4.37(a). Distribution of Shoulder-Related Total Crashes for Rural Highways 
Highway 
Class 
Shoulder-Related  
Crash Type 
Total Crashes per Year Crashe
s 
/Mile/
Year 
200
0 2001 2002 2003 2004 2005 2006
Interstate Head-on 27 7 9 195 14 17 13 0.14 
Sideswipe- opposite 28 11 2 8 16 16 7 0.04 
Sideswipe- same direction 559 450 295 340 676 832 671 1.03 
Fixed object 361 387 407 497 746 732 594 0.63 
Overturned- single vehicle 112 160 77 89 80 91 60 0.17 
Overturned- multiple vehicles 24 11 12 40 40 52 21 0.10 
Percent of all crashes (%) 
1.8
% 2.2% 2.1% 2.9% 5.1% 4.4% 3.7%
 
Multilane, 
Divided 
Head-on 2 4 2 81 4 2 4  
Sideswipe- opposite 22 10 5 3 0 2 6  
Sideswipe- same direction 70 26 43 34 44 40 37  
Fixed object 51 18 34 74 38 63 45  
Overturned- single vehicle 7 6 1 9 3 4 12  
Overturned- multiple vehicles 4 0 0 2 2 3 5  
Percent of all crashes (%) 
0.3
% 0.1% 0.2% 0.5% 0.3% 0.3% 0.3%
 
Multilane, 
Undivided 
Head-on 54 20 13 251 9 13 10 0.50 
Sideswipe- opposite 46 13 10 12 14 12 21 0.19 
Sideswipe- same direction 345 258 182 163 161 200 196 1.19 
Fixed object 111 119 123 125 125 125 126 0.70 
Overturned- single vehicle 9 15 13 9 9 15 6 0.12 
Overturned- multiple vehicles 7 4 4 6 6 4 8 0.06 
Percent of all crashes (%) 
0.9
% 0.9% 0.9% 1.4% 1.2% 0.9% 1.0%
 
Two-Lane Head-on 80 40 24 405 27 36 38 0.23 
Sideswipe- opposite 146 59 58 51 44 45 63 0.16 
Sideswipe- same direction 393 183 103 164 98 189 202 0.44 
Fixed object 283 250 323 333 276 366 354 0.44 
Overturned- single vehicle 48 83 93 79 50 58 58 0.13 
Overturned- multiple vehicles 25 17 12 38 12 29 14 0.06 
Percent of all crashes (%) 
1.6
% 1.3% 1.6% 2.7% 2.0% 1.8% 2.0%
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Table 4.37(b). Distribution of Shoulder-Related Total Crashes for Urban Highways 
Highway 
Class 
Shoulder-Related  
Crash Type 
Total Crashes per Year Crashe
s 
/Mile/
Year 
2000 2001 2002 2003 2004 2005 2006
Interstate Head-on 78 34 24 289 21 25 30 0.52 
Sideswipe- opposite 94 69 8 14 31 33 15 0.28 
Sideswipe- same direction 2,723 2,292 1,201 
1,322 1,762 2,061 1,65
9 
4.17 
Fixed object 
916 917 869 1,014 1,244 1,368 1,01
8
2.32 
Overturned- single vehicle 48 82 41 44 50 63 49 0.32 
Overturned- multiple 
vehicles 
65 28 46 62 50 51 49 0.35 
Percent of all crashes (%) 6.5% 7.3% 5.6% 6.9% 10.0% 9.1 7.7%  
Multilane, 
Divided 
Head-on 8 4 12 128 5 2 6  
Sideswipe- opposite 18 11 5 5 4 6 9  
Sideswipe- same direction 106 72 76 142 37 73 102  
Fixed object 63 58 55 111 56 92 102  
Overturned- single vehicle 10 3 7 6 5 10 4  
Overturned- multiple 
vehicles 
10 1 3 8 3 6 6  
Percent of all crashes (%) 0.4% 0.3% 0.4% 1.0% 0.3% 0.5% 0.6%  
Multilane, 
Undivided 
Head-on 198 139 82 1,469 71 88 78 1.20 
Sideswipe- opposite 250 164 82 87 97 106 97 0.49 
Sideswipe- same direction 2,398 1,825 1,342 1,172 1,150 1,372 1,287 
3.00 
Fixed object 576 497 652 626 540 698 640 1.61 
Overturned- single vehicle 20 29 35 29 21 29 18 0.10 
Overturned- multiple 
vehicles 
35 14 19 27 20 31 22 0.10 
Percent of all crashes (%) 5.7% 5.7% 5.7% 8.5% 6.0% 5.9% 5.8%  
Two-Lane Head-on 71 38 29 431 33 28 29 0.63 
Sideswipe- opposite 105 67 35 35 48 37 37 0.32 
Sideswipe- same direction 529 359 287 258 214 257 285 1.48 
Fixed object 308 229 265 303 246 313 298 1.25 
Overturned- single vehicle 28 23 31 24 30 32 20 0.09 
Overturned- multiple 
vehicles 
16 8 10 16 13 13 13 0.09 
Percent of all crashes (%) 1.7% 1.5% 1.7% 2.7% 2.2% 1.7% 1.9%
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Table 4.38(a). Distribution of Shoulder-Related Fatal Crashes for Rural Highways 
Highway 
Class 
Shoulder-Related  
Crash Type 
Fatal Crashes per Year Crashe
s 
/Mile/
Year 
2000 2001 2002 2003 2004 2005 2006
Interstate Head-on 0 0 0 2 1 0 0
0.001
5 
Sideswipe- opposite 0 0 0 0 0 0 0
0.000
0 
Sideswipe- same direction 0 0 0 0 0 0 0
0.000
0 
Fixed object 2 3 2 0 3 1 1
0.002
0 
Overturned- single vehicle 0 2 0 0 0 4 2
0.002
0 
Overturned- multiple 
vehicles 1 0 0 1 0 0 0
0.001
0 
Percent of all crashes (%) 
0.01
%
0.01
% 0.01% 0.01% 0.01% 0.01%
0.01
%
 
Multilane, 
Divided 
Head-on 0 0 0 0 1 0 0  
Sideswipe- opposite 0 0 0 0 0 0 0  
Sideswipe- same direction 0 0 0 0 0 0 0  
Fixed object 0 1 0 0 0 0 0  
Overturned- single vehicle 0 0 0 0 0 0 0  
Overturned- multiple 
vehicles 0 0 0 0 0 2 0
 
Percent of all crashes (%) 
0.00
%
0.00
% 0.00% 0.00% 0.00% 0.01%
0.00
%
 
Multilane, 
Undivided Head-on 0 0 2 0 1 0 0
0.003
9 
Sideswipe- opposite 0 0 0 0 0 0 0
0.000
0 
Sideswipe- same direction 0 0 0 0 0 0 0
0.000
0 
Fixed object 1 3 0 0 0 0 0
0.003
3 
Overturned- single vehicle 0 0 0 0 0 1 0
0.001
5 
Overturned- multiple 
vehicles 0 0 0 0 3 0 0
0.005
2 
Percent of all crashes (%) 
0.00
%
0.01
% 0.01% 0.00% 0.01% 0.00%
0.00
%
 
Two-Lane Head-on 0 3 3 0 2 2 0
0.003
4 
Sideswipe- opposite 0 0 1 0 0 0 0
0.000
3 
Sideswipe- same direction 0 1 0 0 0 0 0
0.000
3 
Fixed object 0 6 3 1 1 0 1 0.002
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4 
Overturned- single vehicle 0 0 1 0 0 0 0
0.000
3 
Overturned- multiple 
vehicles 0 0 0 0 0 0 0
0.000
0 
Percent of all crashes (%) 
0.00
% 0.02% 0.02% 0.00% 0.01% 0.01% 
0.00
%
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Table 4.38(b). Distribution of Shoulder-Related Fatal Crashes for Urban Highways 
Highway 
Class 
Shoulder-Related  
Crash Type 
Fatal Crashes per Year Crashe
s 
/Mile/
Year 
2000 2001 2002 2003 2004 2005 2006
Interstate Head-on 0 0 0 0 0 0 0
0.000
0 
Sideswipe- opposite 0 0 0 0 0 0 0
0.000
0 
Sideswipe- same direction 0 0 0 1 0 2 2
0.001
0 
Fixed object 0 2 1 0 0 1 2
0.001
2 
Overturned- single vehicle 0 0 0 0 0 0 0
0.000
0 
Overturned- multiple 
vehicles 0 0 1 0 0 1 0
0.000
0 
Percent of all crashes (%) 
0.00
%
0.01
% 0.01% 0.00% 0.00% 0.01%
0.01
%
 
Multilane, 
Divided 
Head-on 0 0 0 0 0 0 2  
Sideswipe- opposite 0 0 0 0 0 0 0  
Sideswipe- same direction 0 0 0 0 0 0 0  
Fixed object 0 0 0 0 0 0 0  
Overturned- single vehicle 0 0 0 0 0 0 0  
Overturned- multiple 
vehicles 3 0 0 0 0 0 0
 
Percent of all crashes (%) 
0.01
%
0.00
% 0.00% 0.00% 0.00% 0.00%
0.01
%
 
Multilane, 
Undivided Head-on 0 0 0 0 0 0 0
0.000
0 
Sideswipe- opposite 0 0 0 0 0 0 0
0.000
0 
Sideswipe- same direction 0 0 0 0 0 0 0
0.000
0 
Fixed object 0 1 1 0 0 3 1
0.002
8 
Overturned- single vehicle 0 1 0 0 0 0 0
0.001
3 
Overturned- multiple 
vehicles 0 0 0 0 0 0 0
0.000
0 
Percent of all crashes (%) 
0.00
%
0.00
% 0.00% 0.00% 0.00% 0.01%
0.00
%
 
Two-Lane Head-on 0 1 0 0 0 0 0
0.000
4 
Sideswipe- opposite 0 0 0 0 0 0 1
0.000
4 
Sideswipe- same direction 0 0 0 0 0 0 0
0.000
0 
Fixed object 0 1 0 0 1 0 1 0.000
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8 
Overturned- single vehicle 0 0 0 0 0 0 0
0.000
0 
Overturned- multiple 
vehicles 0 0 0 0 3 0 0
0.001
2 
Percent of all crashes (%) 
0.00
% 0.01% 0.00% 0.00% 0.01% 0.00% 
0.01
%
 
 
 
Table 4.39(a). Distribution of Shoulder-Related Injury Crashes for Rural Highways 
Highway 
Class 
Shoulder-Related  
Crash Type 
Injury Crashes per Year Crashes
/Mile/ 
Year 2000 2001 2002 2003 2004 2005 2006
Interstate Head-on 7 5 3 47 4 5 4 0.04 
Sideswipe- opposite 6 5 1 2 4 4 2 0.01 
Sideswipe- same direction 128 118 71 81 167 206 169 0.22 
Fixed object 82 114 95 128 184 181 145 0.13 
Overturned- single vehicle 26 80 32 22 29 25 16 0.04 
Overturned- multiple 
vehicles 5 3 4 8 11 14 5
0.02 
Percent of all crashes (%) 0.4% 0.7% 0.5% 0.7% 1.2% 1.1% 0.9%  
Multilane, 
Divided 
Head-on 1 3 1 20 1 1 1  
Sideswipe- opposite 6 3 1 1 0 1 2  
Sideswipe- same direction 17 6 10 9 10 10 9  
Fixed object 13 4 8 20 9 16 11  
Overturned- single vehicle 2 4 1 2 1 2 3  
Overturned- multiple 
vehicles 1 0 0 1 1 1 1
 
Percent of all crashes (%) 0.1% 0.0% 0.1% 0.1% 0.1% 0.1% 0.1%  
Multilane, 
Undivided 
Head-on 12 10 4 62 3 4 2 0.12 
Sideswipe- opposite 12 5 2 3 5 3 5 0.05 
Sideswipe- same direction 82 67 36 42 36 46 49 0.26 
Fixed object 25 34 30 29 29 31 31 0.15 
Overturned- single vehicle 2 7 4 3 3 4 2 0.04 
Overturned- multiple 
vehicles 2 1 1 1 2 1 2
0.02 
Percent of all crashes (%) 0.2% 0.3% 0.2% 0.4% 0.2% 0.2% 0.2%  
Two-Lane Head-on 20 11 10 104 8 10 9 0.06 
Sideswipe- opposite 36 21 16 12 11 11 16 0.04 
Sideswipe- same direction 97 49 23 43 23 47 50 0.10 
Fixed object 68 83 94 88 71 89 88 0.10 
Overturned- single vehicle 12 49 38 22 16 16 17 0.04 
Overturned- multiple 
vehicles 6 7 3 6 3 7 4
0.01 
Percent of all crashes (%) 0.4% 0.5% 0.5% 0.7% 0.4% 0.5% 0.5%
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Table 4.39(b). Distribution of Shoulder-Related Injury Crashes for Urban Highways 
Highway 
Class 
Shoulder-Related  
Crash Type 
Injury Crashes per Year Crashes
/Mile/ 
Year 2000 2001 2002 2003 2004 2005 2006
Interstate Head-on 19 14 6 72 6 6 8 0.07 
Sideswipe- opposite 23 26 2 4 8 8 4 0.04 
Sideswipe- same direction 662 603 269 328 431 510 410 0.56 
Fixed object 214 297 209 254 310 339 248 0.30 
Overturned- single vehicle 12 44 14 13 14 20 13 0.05 
Overturned- multiple 
vehicles 16 7 13 15 13 13 13
0.05 
Percent of all crashes (%) 1.6% 2.1% 1.3% 1.7% 2.3% 2.3% 1.9%  
Multilane, 
Divided 
Head-on 2 2 5 32 1 1 0  
Sideswipe- opposite 5 3 1 1 1 1 2  
Sideswipe- same direction 25 15 14 31 9 18 25  
Fixed object 14 17 17 32 17 22 26  
Overturned- single vehicle 3 2 1 2 1 3 1  
Overturned- multiple 
vehicles 0 0 1 3 1 2 2
 
Percent of all crashes (%) 0.1% 0.1% 0.1% 0.3% 0.1% 0.1% 0.2%  
Multilane, 
Undivided 
Head-on 49 39 23 367 20 24 19 0.63 
Sideswipe- opposite 61 38 18 22 25 26 24 0.25 
Sideswipe- same direction 588 410 294 280 278 331 312 0.72 
Fixed object 139 156 154 153 136 174 157 0.41 
Overturned- single vehicle 5 12 16 9 7 7 7 0.07 
Overturned- multiple 
vehicles 9 5 4 7 5 8 6
0.06 
Percent of all crashes (%) 1.4% 1.4% 1.3% 2.1% 1.4% 1.4% 1.4%  
Two-Lane Head-on 17 17 8 107 9 7 7 0.06 
Sideswipe- opposite 25 23 10 8 14 9 9 0.03 
Sideswipe- same direction 130 78 56 59 47 60 70 0.14 
Fixed object 74 63 71 76 59 76 74 0.13 
Overturned- single vehicle 7 8 15 7 11 8 7 0.02 
Overturned- multiple 
vehicles 4 2 3 5 0 3 3
0.01 
Percent of all crashes (%) 0.4% 0.4% 0.4% 0.7% 0.4% 0.4% 0.5%  
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Table 4.40(a). Distribution of Shoulder-Related PDO Crashes for Rural Highways 
Highway 
Class 
Shoulder-Related  
Crash Type 
PDO Crashes per Year Crashes
/Mile/ 
Year 2000 2001 2002 2003 2004 2005 2006
Interstate Head-on 21 3 7 146 9 12 9 0.10 
Sideswipe- opposite 22 7 2 6 12 12 5 0.03 
Sideswipe- same direction 431 333 224 259 509 626 503 0.52 
Fixed object 278 267 310 370 560 550 449 0.29 
Overturned- single vehicle 86 76 46 68 51 63 43 0.09 
Overturned- multiple 
vehicles 18 8 8 31 29 38 16
0.07 
Percent of all crashes (%) 1.4% 1.5% 1.5% 2.2% 3.4% 3.3% 2.8%  
Multilane, 
Divided 
Head-on 2 2 2 61 3 2 3  
Sideswipe- opposite 17 8 4 2 0 2 5  
Sideswipe- same direction 54 20 33 25 34 31 28  
Fixed object 39 13 26 54 29 47 34  
Overturned- single vehicle 5 3 0 7 3 2 9  
Overturned- multiple 
vehicles 3 0 0 2 2 2 4
 
Percent of all crashes (%) 0.2% 0.1% 0.2% 0.4% 0.2% 0.2% 0.2%  
Multilane, 
Undivided 
Head-on 42 11 8 189 6 9 8 0.32 
Sideswipe- opposite 35 8 8 9 9 10 17 0.13 
Sideswipe- same direction 263 192 146 122 126 154 148 0.56 
Fixed object 86 81 94 96 85 94 96 0.36 
Overturned- single vehicle 7 8 9 6 10 10 5 0.08 
Overturned- multiple 
vehicles 5 3 3 5 2 3 6
0.05 
Percent of all crashes (%) 0.7% 0.6% 0.7% 1.1% 0.7% 0.7% 0.8%  
Two-Lane Head-on 60 27 11 299 17 24 29 0.16 
Sideswipe- opposite 110 38 42 33 33 34 48 0.10 
Sideswipe- same direction 296 133 80 117 75 142 153 0.30 
Fixed object 215 161 226 214 204 277 265 0.24 
Overturned- single vehicle 36 34 54 58 34 42 41 0.07 
Overturned- multiple 
vehicles 19 11 9 17 9 22 11
0.04 
Percent of all crashes (%) 1.2% 0.9% 1.1% 1.9% 1.1% 1.4% 1.5%  
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Table 4.40(b). Distribution of Shoulder-Related PDO Crashes for Urban Highways 
Highway 
Class 
Shoulder-Related  
Crash Type 
PDO Crashes per Year Crashe
s 
/Mile/ 
Year 
2000 2001 2002 2003 2004 2005 2006 
Interstate Head-on 60 20 18 217 15 19 22 0.18 
Sideswipe- opposite 72 43 6 11 23 25 11 0.10 
Sideswipe- same direction  2,062  1,689  933  993  1,331  1,549  1,247 1.40 
Fixed object 702 616 659 760 934 1,029 768 0.76 
Overturned- single vehicle 37 38 27 32 36 43 36 0.10 
Overturned- multiple 
vehicles 
49 21 32 48 38 38 36 0.13 
Percent of all crashes (%) 4.9% 5.1% 4.3% 5.2% 6.9% 6.8% 5.8%  
Multilane, 
Divided 
Head-on 7 3 8 96 4 1 5  
Sideswipe- opposite 14 9 4 4 3 5 7  
Sideswipe- same direction 81 57 62 111 28 55 77  
Fixed object 49 42 38 79 39 70 77  
Overturned- single vehicle 8 2 6 5 4 7 3  
Overturned- multiple 
vehicles 
6 1 2 5 2 5 5  
Percent of all crashes (%) 0.27% 0.24% 0.31% 0.75% 0.23% 0.36%0.47%  
Multilane, 
Undivided 
Head-on 149 100 59 1,102 52 64 59 1.85 
Sideswipe- opposite 190 127 64 65 72 80 73 0.71 
Sideswipe- same direction  1,810  1,416  1,048  892  873  1,041  975 1.55 
Fixed object 437 340 497 473 405 521 482 0.99 
Overturned- single vehicle 16 16 19 20 14 22 12 0.14 
Overturned- multiple 
vehicles 
26 9 15 21 15 23 17 0.19 
Percent of all crashes (%) 4.3% 4.3% 4.4% 6.5% 4.2% 4.4% 4.4%  
Two-Lane Head-on 54 19 21 321 24 22 21 0.17 
Sideswipe- opposite 80 42 26 23 35 28 28 0.09 
Sideswipe- same direction 399 282 231 165 167 197 215 0.44 
Fixed object 234 164 195 202 186 237 223 0.36 
Overturned- single vehicle 21 15 17 18 20 24 14 0.05 
Overturned- multiple 
vehicles 
12 6 8 11 10 10 10 0.03 
Percent of all crashes (%) 1.3% 1.1% 1.3% 1.9% 1.3% 1.3% 1.4%
 
 
4.3.7 Correlation of Shoulder-Related Total Crashes to Shoulder Attributes 
The distribution of total shoulder-related crashes per year is correlated with the distribution of 
crashes by shoulder type and by shoulder width for outside shoulder Type 1 as briefly 
summarized in the following:  
 Distribution of Shoulder-Related Total Crashes by Type 1 Outside Shoulder. For rural 
Interstate highways, approximately 80 percent of sideswipe- same direction and fixed object 
crashes are found to be correlated with bituminous paved shoulders. For rural multilane non-
Interstates and two-lane highways, over 40 percent of sideswipe- same direction and fixed 
object crashes are correlated with bituminous paved shoulders and 20-35 percent correlated 
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with aggregate outside Type 1 shoulders. For all categories of urban highways, nearly 80 
percent of sideswipe- same direction and fixed object crashes are correlated with paved 
bituminous shoulders.  
 
Table 4.41(a). Distribution of Shoulder-Related Total Crashes by Type 1 Outside Shoulder for 
Rural Highways 
Highway 
Class Shoulder Type 
Shoulder-Related Crash Type (in %) 
HO SSO SSS FO RORSV RORMV Total 
Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 4% 1% 43% 39% 6% 2% 95%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 3% 2% 0% 0% 5%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 0% 0% 0% 0% 0%
Total 4% 1% 46% 41% 6% 2% 100%
Multilane  0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 1% 1% 0% 0% 2%
3 - Aggregate 0% 0% 10% 9% 0% 0% 18%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 3% 2% 22% 20% 6% 3% 56%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 1% 1% 0% 0% 2%
9 - Other 0% 0% 12% 10% 0% 0% 22%
Total 4% 1% 46% 41% 6% 2% 100%
Two-
Lane  
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 4% 3% 0% 0% 8%
3 - Aggregate 0% 0% 19% 18% 1% 0% 38%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 4% 1% 21% 20% 4% 2% 51%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - Gutter 0% 0% 1% 0% 0% 0% 1%
9 - Other 0% 0% 1% 0% 0% 0% 1%
Total 4% 1% 46% 41% 6% 2% 100%
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Table 4.41(b). Distribution of Shoulder-Related Total Crashes by Type 1 Outside Shoulder for 
Urban Highways 
Highway 
Class Shoulder Type 
Shoulder-Related Crash Type (in %) 
HO SSO SSS FO RORSV RORMV Total 
Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 4% 0% 0% 0% 3%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 3% 2% 46% 32% 2% 2% 86%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 2% 0% 0% 0% 2%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 9% 0% 0% 0% 8%
Total 2% 1% 61% 32% 1% 2% 100%
Multilane  0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 4% 0% 0% 0% 4%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 3% 2% 45% 33% 2% 2% 85%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 2% 0% 0% 0% 2%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 9% 0% 0% 0% 8%
Total 2% 1% 61% 32% 1% 2% 100%
Two-
Lane  
0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 3% 0% 0% 0% 3%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 3% 2% 45% 31% 2% 2% 86%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 2% 0% 0% 0% 2%
8 - Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Other 0% 0% 9% 0% 0% 0% 9%
Total 2% 2% 60% 31% 2% 2% 100%
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 Distribution of Shoulder-Related Total Crashes by Type 1 Outside Shoulder Width. For 
rural/urban Interstate and two-lane highways, approximately 70 percent of sideswipe- same 
direction and fixed object crashes are found to be correlated with wide width paved shoulders. 
For rural/urban multilane non-Interstate, divided median highways, a higher percent of 
sideswipe- same direction and fixed object crashes are correlated with unpaved and wide width 
paved shoulders. For rural multilane non-Interstate, undivided median highways, sideswipe- 
same direction and fixed object crashes appear to be evenly distributed across unpaved and 
different widths of paved shoulders.  
 
Table 4.42(a). Distribution of Shoulder-Related Total Crashes by Type 1 Outside Shoulder 
Width for Rural Highways 
Highway 
Class Shoulder Type 
Shoulder-Related Crash Type (in %) 
HO SSO SSS FO RORSV RORMV Total 
Interstate 0 - None  0% 0% 4% 3% 0% 0% 1%
1 - Narrow Width 0% 0% 2% 1% 0% 0% 4%
2 - Medium Width 0% 0% 4% 3% 0% 0% 7%
3 - Wide Width 7% 4% 35% 34% 5% 3% 88%
Total 4% 1% 46% 41% 6% 2% 100%
Multilane, 
Divided 
0 - None  0% 0% 15% 14% 1% 0% 30%
1 - Narrow Width 0% 0% 3% 2% 0% 0% 6%
2 - Medium Width 0% 0% 9% 8% 0% 0% 17%
3 - Wide Width 3% 1% 18% 17% 5% 2% 47%
Total 4% 1% 46% 41% 6% 2% 100%
Multilane, 
Undivided 
0 - None  0% 0% 7% 5% 0% 0% 12%
1 - Narrow Width 3% 1% 16% 15% 5% 2% 42%
2 - Medium Width 0% 0% 13% 11% 1% 0% 26%
3 - Wide Width 0% 0% 10% 10% 0% 0% 20%
Total 4% 1% 46% 41% 6% 2% 100%
Two-Lane 0 - None  0% 0% 4% 3% 0% 0% 1%
1 - Narrow Width 0% 0% 2% 1% 0% 0% 4%
2 - Medium Width 0% 0% 4% 3% 0% 0% 7%
3 - Wide Width 7% 4% 35% 34% 5% 3% 88%
Total 4% 1% 46% 41% 6% 2% 100%
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Table 4.42(b). Distribution of Shoulder-Related Total Crashes by Type 1 Outside Shoulder 
Width for Urban Highways 
Highway 
Class Shoulder Type 
Shoulder-Related Crash Type (in %) 
HO SSO SSS FO RORSV RORMV Total 
Interstate 0 - None  0% 0% 0% 1% 0% 0% 1%
1 - Narrow Width 0% 0% 5% 0% 0% 0% 5%
2 - Medium Width 0% 0% 12% 1% 0% 0% 14%
3 - Wide Width 2% 1% 44% 30% 1% 1% 80%
Total 2% 1% 61% 32% 1% 2% 100%
Multilane, 
Divided 
0 - None  2% 1% 38% 26% 1% 1% 70%
1 - Narrow Width 0% 0% 3% 0% 0% 0% 3%
2 - Medium Width 0% 0% 7% 1% 0% 0% 8%
3 - Wide Width 0% 0% 14% 5% 0% 0% 19%
Total 2% 1% 61% 32% 1% 2% 100%
Multilane, 
Undivided 
0 - None  2% 1% 21% 11% 1% 2% 39%
1 - Narrow Width 0% 0% 15% 7% 0% 0% 23%
2 - Medium Width 0% 0% 14% 8% 0% 0% 22%
3 - Wide Width 0% 0% 10% 6% 0% 0% 17%
Total 2% 1% 61% 32% 1% 2% 100%
Two-Lane 0 - None  0% 0% 0% 1% 0% 0% 1%
1 - Narrow Width 0% 0% 5% 0% 0% 0% 5%
2 - Medium Width 0% 0% 12% 1% 0% 0% 14%
3 - Wide Width 2% 1% 44% 30% 1% 1% 80%
Total 2% 1% 61% 32% 1% 2% 100%
 
92 
 
 
CHAPTER 5  METHODOLOGY APPLICATION 
 
5.1 APPLICATION OF EB APPROACH FOR SHOULDER PAVING IMPACTS ANALYSIS 
  
 The EB analysis approach discussed in Section 3.2 was applied using the processed 
data on untreated and treated segments being involved with Type I or Type II treatments for 
period 2000-2006. This section discusses SPF calibration, marginal safety impacts assessment 
of shoulder paving, and detailed EB analysis results. 
 
5.1.1 Calibration of SPFs 
 
5.1.1.1 Data Preparation 
 The information on AADT in the integrated dataset was not coincident with the current 
year traffic for the study period of 2000-2006. The annual traffic growth rates by highway 
functional class based on the Illinois DOT’s annual reports were used to update the current year 
AADT. Table 5.1 lists the annual traffic growth rates used for establishing the current year 
AADT.   
Table 5.1. Traffic Growth Rates Used for the Current Study 
Land Area Highway Class Annual Growth Rate 
Rural Interstate 0.17% 
Multilane -1.73% 
Two-lane  -1.11% 
Urban Interstate -1.02% 
Multilane -1.13% 
Two-lane  -1.27% 
 
 Table 5.2 summarizes total number of untreated highway segments in comparison 
groups, mileage, and number of crashes by crash severity from 2000-2006 that was utilized for 
calibrating SPFs for rural and urban Interstate, multilane, and two-lane highway segments, 
respectively.  
 
Table 5.2. Total Number and Mileage of Untreated Highway Segments for Period 2000-2006  
Highway  
Class Segments Mileage Observations
Total Number of Crashes 
Fatal Injury A 
Injury 
B 
Injury 
C Injury PDO Total 
Rural Interstate 897   432 3,610  113  887 2,139  1,515  
4,541 
  20,583    25,237
Multilane   765  158     2,946      72    867  2,460  3,039  
6,366 
 23,433    29,871
Two-lane        1,248   583   4,788   195 
1,283 
  2,931 2,621  6,835  23,805    30,835
UrbanInterstate          816   180     3,615  137 
1,251 
  4,013  3,993  
9,257 
 49,217    58,611
Multilane        2,514  375   10,800   293 
4,181 
11,132 13,334  
8,647 
106,836  
135,776 
Two-lane        1,728   255   6,181    100 
1,328 
  3,452   3,261 8,041  29,575  
37,716 
Total  7,968 1,983  31,940 910 26,127 63,687 253,449 318,046
93 
 
9,797 27,763 
 
5.1.1.2 Model Calibration 
 The steps followed for calibrating SPFs are briefly explained below. First, a preliminary 
trend analysis was conducted to obtain the distribution of explanatory variables and identify 
factors that affect occurrence of crashes on roadway segment. Then, the model of choice was 
formulated by adding each explanatory variable in a stepwise manner to test the impact of its 
inclusion. The variables were added starting from that deemed most significant on the basis of 
the preliminary trend analysis results. Finally, SPFs were calibrated by land area/highway 
functional class (rural/urban Interstate, multilane, and two-lane highway segments) and by crash 
severity category (fatal, injury, and PDO crashes), as shown in Tables 5.3- 5.8. Emphases of 
model validation were given on multicolinearity of explanatory variables, autocorrelation of error 
terms, and heteroskedasticity of error terms.    
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Table 5.3. Calibrated SPFs for Rural Interstates in Comparison Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic
Fatal Crashes 
 
- Model Type: 
Zero-Inflated 
Poisson with 
Normal Hetro 
- Obs: 2,647 
- Adjusted R2: 
0.14 
- Dependent Variable: ln(Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
- Dispersion Parameter α, per mile per 
year: 
 
-17.723 
1.120 
0.948 
0.165 
5.643 
 
9.392 
0.608 
0.388 
0.111 
2.156 
 
-1.887 
1.841 
2.446 
1.479 
2.617 
Injury Crashes 
 
- Model Type:  
  Zero Inflated 
Poisson with 
Normal Hetro 
- Obs: 2,647 
- Adjusted R2: 
0.24 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for undivided median 
type 
   Dummy variable 2 for outside paved 
shoulder 
   Width ≤ 8ft 
- Dispersion Parameter α, per mile per 
year: 
 
-3.233 
0.235 
0.169 
0.054 
0.312 
0.609 
 
1.725 
 
0.428 
0.036 
0.024 
0.011 
0.084 
0.087 
 
0.099 
 
-7.554 
6.542 
6.954 
5.053 
3.706 
7.013 
 
17.444 
PDO Crashes 
 
- Model Type:  
  Negative 
Binomial 
Random Effects 
- Obs: 2,647 
- Adjusted R2: 
0.44 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 2 for undivided median 
type 
   Dummy variable 3 for outside paved 
shoulder 
   Width ≤ 8ft 
- Dispersion Parameter α, per mile per 
year: 
 
2.295 
0.331 
0.433 
-0.156 
-0.523 
0.681 
1.256 
 
0.866 
 
1.112 
0.040 
0.020 
0.041 
0.234 
0.099 
0.135 
 
0.030 
 
2.064 
8.186 
21.688 
-3.791 
-2.231 
6.878 
9.282 
 
29.268 
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Table 5.4. Calibrated SPFs for Rural Multilane Highways in Comparison Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic
Fatal Crashes 
 
- Model Type: 
Zero-Inflated 
Poisson  
- Obs: 2,507 
- Adjusted R2: 
0.10 
- Dependent Variable: ln(Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
- Dispersion Parameter α, per mile per 
year: 
 
-3.519 
0.333 
0.557 
14.564 
 
2.500 
0.261 
0.124 
4.947 
 
-1.407 
1.275 
4.501 
2.94 
Injury Crashes 
 
- Model Type:  
  Negative 
Binomial  
- Obs: 2,507 
- Adjusted R2: 
0.42 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for outside paved 
shoulder 
   width ≤ 4ft 
   Dummy variable 2 for outside paved 
shoulder 
   width ≤ 5-8ft 
- Dispersion Parameter α, per mile per 
year: 
 
-7.048 
0.901 
0.582 
-0.009 
-0.527 
0.177 
1.751 
 
0.619 
0.057 
0.030 
0.007 
0.127 
0.084 
0.077 
 
-11.395 
15.781 
19.270 
-1.257-
4.165 
2.109 
22.645 
PDO Crashes 
 
- Model Type:  
  Negative 
Binomial  
- Obs: 2,507 
- Adjusted R2: 
0.51 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 2 for undivided median 
type 
   Dummy variable 3 for no outside paved 
   shoulder 
   Dummy variable 4 for outside paved 
shoulder 
   width 1-8ft 
- Dispersion Parameter α, per mile per 
year: 
 
-7.460 
0.799 
0.611 
0.100 
0.358 
-0.131 
1.157 
 
0.418 
 
1.125 
 
0.633 
0.042 
0.021 
0.020 
0.125 
0.062 
0.212 
 
0.101 
 
0.035 
 
-11.787 
18.894 
29.071 
5.144 
2.850 
-2.127 
5.447 
 
4.156 
 
32.497 
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Table 5.5. Calibrated SPFs for Rural Two-Lane Highways in Comparison Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic
Fatal Crashes 
 
- Model Type: 
Zero-Inflated 
Poisson  
- Obs: 4,482 
- Adjusted R2: 
0.10 
- Dependent Variable: ln(Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
- Dispersion Parameter α, per mile per 
year: 
 
-4.579 
0.347 
0.519 
0.048 
8.751 
 
1.014 
0.115 
0.076 
0.024 
1.902 
 
-4.517 
3.028 
6.796 
1.981 
4.600 
Injury Crashes 
 
- Model Type:  
  Zero Inflated 
Poisson with 
Normal Hetro 
- Obs: 4,482 
- Adjusted R2: 
0.33 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for undivided median 
type 
   Dummy variable 2 for outside paved 
shoulder 
   Width ≤ 8ft 
- Dispersion Parameter α, per mile per 
year: 
 
-2.122 
0.237 
0.128 
0.018 
0.033 
0.157 
 
1.998 
 
0.202 
0.026 
0.015 
0.005 
0.024 
0.044 
 
0.075 
 
-10.498 
9.123 
8.525 
3.910 
1.387 
3.589 
 
26.466 
PDO Crashes 
 
- Model Type:  
  Negative 
Binomial 
Random Effects 
- Obs: 4,482 
- Adjusted R2: 
0.37 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 2 for undivided median 
type 
   Dummy variable 3 for no outside paved 
   shoulder 
   Dummy variable 4 for outside paved 
shoulder 
   Width ≤ 8ft 
- Dispersion Parameter α, per mile per 
year: 
 
-3.686 
0.498 
0.437 
0.044 
0.256 
-0.247 
0.591 
 
0.399 
 
1.211 
 
0.240 
0.027 
0.015 
0.008 
0.058 
0.038 
0.115 
 
0.075 
 
0.030 
 
-15.331 
18.723 
28.401 
5.284 
4.436 
-6.437 
5.140 
 
5.328 
 
40.578 
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Table 5.6. Calibrated SPFs for Urban Interstates in Comparison Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic
Fatal Crashes 
 
- Model Type: 
Negative 
Binomial 
Random Effects 
- Obs: 3,582 
- Adjusted R2: 
0.10 
- Dependent Variable: ln(Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
- Overdispersion Parameter α, per mile per 
year: 
 
-7.393 
0.470 
0.773 
3.887 
 
1.568 
0.138 
0.100 
1.279 
 
-4.714 
3.419 
7.722 
3.024 
Injury Crashes 
 
- Model Type:  
  Zero Inflated 
Poisson with 
Normal Hetro 
- Obs: 3,582 
- Adjusted R2: 
0.42 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
  Dummy variable for outside paved 
shoulder 
   Width ≤ 4ft 
- Overdispersion Parameter α, per mile per 
year: 
 
-5.546 
0.534 
0.312 
0.033 
0.378 
 
1.402 
 
0.447 
0.026 
0.013 
0.013 
0.145 
 
0.052 
 
-12.408 
20.705 
24.307 
2.438 
2.607 
 
27.095 
PDO Crashes 
 
- Model Type:  
  Negative 
Binomial 
Random Effects 
- Obs: 3,582 
- Adjusted R2: 
0.39 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 3 for no outside paved 
   shoulder 
   Dummy variable 4 for outside paved 
shoulder 
   Width ≤ 8ft 
- Overdispersion Parameter α, per mile per 
year: 
 
-10.406 
1.047 
0.438 
0.105 
-0.706 
1.006 
 
0.196 
 
1.239 
 
0.644 
0.029 
0.017 
0.021 
0.127 
0.240 
 
0.091 
 
0.030 
 
-16.150 
36.251 
25.364 
4.940 
-5.559 
4.191 
 
2.149 
 
41.379 
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Table 5.7. Calibrated SPFs for Urban Multilane Highways in Comparison Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic
Fatal Crashes 
 
- Model Type: 
Negative 
Binomial 
Random Effects 
- Obs: 10,574 
- Adjusted R2: 
0.10 
- Dependent Variable: ln(Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
- Overdispersion Parameter α, per mile per 
year: 
 
-5.172 
0.253 
0.530 
9.111 
 
1.513 
0.147 
0.069 
1.748 
 
-3.418 
1.724 
7.707 
5.211 
Injury Crashes 
 
- Model Type:  
  Zero Inflated 
Poisson with 
Normal Hetro 
- Obs: 10,574 
- Adjusted R2: 
0.43 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for outside paved 
shoulder 
   Width ≤ 4ft 
   Dummy variable 2 for outside paved 
shoulder 
   Width ≤ 5-8ft 
- Overdispersion Parameter α, per mile per 
year: 
 
-5.895 
0.803 
0.503 
-0.027 
-0.673 
 
0.254 
 
1.571 
 
0.354 
0.033 
0.014 
0.004 
0.084 
 
0.057 
 
0.034 
 
-16.662 
24.307 
37.099 
-7.332 
-8.054 
 
4.477 
 
46.600 
PDO Crashes 
 
- Model Type:  
  Negative 
Binomial 
Random Effects 
- Obs: 10,574 
- Adjusted R2: 
0.48 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 2 for undivided median 
type 
   Dummy variable 3 for no outside paved 
   shoulder 
   Dummy variable 4 for outside paved 
shoulder 
   Width ≤ 8ft 
- Overdispersion Parameter α, per mile per 
year: 
 
-7.593 
0.869 
0.496 
0.061 
0.377 
-0.160 
0.949 
 
0.380 
 
1.239 
 
0.362 
0.027 
0.011 
0.010 
0.062 
0.099 
0.110 
 
0.056 
 
0.018 
 
-20.980 
31.973 
46.342 
6.171 
6.051 
6.878 
8.664 
 
6.764 
 
67.224 
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Table 5.8. Calibrated SPFs for Urban Two-Lane Highways in Comparison Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic
Fatal Crashes 
 
- Model Type: 
Negative 
Binomial 
Random Effects 
- Obs: 6,079 
- Adjusted R2: 
0.20 
- Dependent Variable: ln(Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
   Dummy variable for outside paved 
shoulder 
   Width ≤4ft 
- Overdispersion Parameter α, per mile per 
year: 
 
-8.107 
0.481 
0.229 
-0.060 
 
24.807 
 
2.332 
0.245 
0.114 
0.262 
 
7.175 
 
-3.476 
1.967 
2.014 
-0.227 
 
3.457 
Injury Crashes 
 
- Model Type:  
  Zero Inflated 
Poisson with 
Normal Hetro 
- Obs: 6,079 
- Adjusted R2: 
0.38 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
   Dummy variable for outside paved 
shoulder 
   Width ≤4ft 
- Overdispersion Parameter α, per mile per 
year: 
 
-3.876 
0.489 
0.193 
0.096 
 
1.656 
 
0.293 
0.032 
0.014 
0.029 
 
0.059 
 
-13.219 
15.059 
14.137 
3.322 
 
28.303 
PDO Crashes 
 
- Model Type:  
  Negative 
Binomial 
Random Effects 
- Obs: 6,079 
- Adjusted R2: 
0.52 
 
- Dependent Variable: ln(Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder/lane 
width, ft 
   Dummy variable 1 for undivided median 
type 
   Dummy variable 2 for outside paved 
shoulder 
   width ≤ 8ft 
- Overdispersion Parameter α, per mile per 
year: 
 
-5.374 
0.885 
0.339 
-0.037 
-0.186 
-0.113 
 
1.059 
 
0.303 
0.029 
0.014 
0.005 
0.033 
0.071 
 
0.023 
 
-17.732 
30.751 
23.902 
-7.520 
-5.607 
-1.592 
 
45.485 
 
 
5.1.1.3 Model Discussions  
 For all six classes of highways, zero inflated Poisson and negative binomial random 
effect models were found to be most appropriate for calibrating SPFs for fatal, injury, and PDO 
crashes. This is mainly because a large number of highway segments did not experience any 
crash in the data analysis period and often the mean and variance of crash frequencies are 
significantly different from each other. The overdispersion parameters were found to be 
statistically significant for all calibrated SPFs. The values of dispersion parameters are between 
0.777 and 24.807, suggesting that the variance is greatly higher than the mean crash frequency. 
For each calibrated function, the adjusted Rα2 which represents the model’s goodness-of-fit was 
computed using Equation (2-8). The adjusted Rα2 values for the calibrated models for fatal crash 
prediction range from 0.10 to 0.16, indicating relatively low predictability. However, the adjusted 
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Rα2 values for the calibrated models for injury and PDO crash prediction range from 0.24 to 
0.52, which suggests that the models have considerable predictive power. 
Effect of AADT on Crash Frequency. As expected, AADT turns out to be a statistically 
significant factor in all SPFs. The relationship of AADT with number of crashes was also 
investigated to determine whether the number of crashes is linearly related to the total traffic 
volume using Wald’s test for linear restrictions. For all the developed models, the Wald’s test 
results indicated that the coefficient of AADT significantly differed from 1.0, thus giving credence 
to the speculation of the non-linear relationship between traffic volume and crashes.  
Effect of Segment Length on Crash Frequency. For all calibrated SPFs, the segment length 
variable was found to be a significant variable with positive coefficients. This relationship is 
rather obvious as longer road segments are expected to have more crashes compared to 
shorter ones, all other factors being equal. The issue however is to investigate the nature of this 
relationship to determine whether the segment length is linearly or non-linearly related to the 
number of crashes. This was accomplished by using the Wald’s test for linear restrictions. That 
test checks whether the regression coefficient associated with the segment length variable was 
significantly different from 1.0. The coefficient for the segment length was generally found to be 
significantly different from one, suggesting a non-linear relationship between number of crashes 
and segment length.  
Effect of Combined Lane Width and Outside Paved Shoulder Width on Crash Frequency. The 
combined lane width and outside paved shoulder width variable was found to be significant in all 
SPFs. The coefficient of this variable was found to be positive in most cases, with a few cases 
with negative signs. These results suggest that the increase of combined lane width and outside 
paved shoulder width to a certain extent may reduce crash, because it enhances safety by 
acting as a buffer zone where drivers of stray vehicles can regain control or recover from error 
and resume normal travel. However, excessive increase in the total width may be harmful as 
some drivers may use the wide paved shoulder as an additional travel lane with reduced buffer 
zone on the right side. 
Effect of Lane Width on Crash Frequency. In most cases, lane width less than or equal to 12 
feet was found to be significant in SPFs for PDO and total crashes, respectively. In most of the 
cases, the signs of coefficients for lane width less than or equal to 12 feet are positive. This 
indicates that all other factors being the same, a wider lane width greater than 12 feet could 
serve as buffer zones and thus offering more opportunity for errant vehicles to recover or for 
vehicles to seek temporary refuge to avoid an errant oncoming vehicle.  
Effect of Median Type on Crash Frequency. The model calibration results show that undivided 
median type is associated with positive signs of coefficients. This reveals that highway 
segments with undivided median type are likely to have increased vehicle crashes. This 
indicates that divided medians may enhance safety. This can be explained by the fact that 
divided medians are usually wider that could provide a recovery area for out-of-control vehicles 
and for vehicles to stop in emergency situations.  
Effect of Outside Paved Shoulder Width on Crash Frequency. The outside paved shoulder width 
variable was found to be significant in most of the calibrated SPFs. In general, it was revealed 
that an increase in crashes is associated with no paved shoulder width. Paved shoulder width 
less than or equal to 4 feet will result in decrease in fatal and injury crashes. However, paved 
shoulder width less than or equal to 8 feet will likely to increase PDO crashes. This seems 
suggesting that adding paved shoulder may reduce the severity of vehicle crashes that is 
beneficial to overall safety improvements purely from crash prediction point of view.  
 
5.1.2 Marginal Safety Impacts Derived from the Calibrated SPFs  
 Based on the calibrated SPFs, marginal safety impacts of shoulder paving are further 
examined. First, safety impacts of increasing the paved width of outside shoulder are 
established for rural and urban Interstate, multilane, and two-lane highways, respectively. 
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Further, for a given paved outside shoulder width, the safety impacts of AADT increase are 
further established. The following discusses findings of the marginal impacts analyses.   
Safety Impacts of Increasing Outside Paved Shoulder Width. The marginal safety impacts are 
measured as percentage increase in crashes per year per mile for a highway segment with 12-ft 
standard lane width and a certain AADT. Figure 5.1(a)-(c) presents marginal safety impacts of 
shoulder paving for rural highways. As seen in Figure 5.1(a), for rural Interstate highways fatal 
crashes will increase with the increase of paved outside shoulder width. On the contrary, the 
PDO crashes decrease with the increase of paved outside shoulder width. Injury crashes first 
increase with the increase of outside paved shoulder width up to 8-ft, begin to drop at 9-ft, and 
then begin to increase again. It appears that the range of paved outside shoulder width is 
effective for reducing injury crashes between 8-ft to 12-ft. For rural multilane highways as 
illustrated in Figure 5.1(b), fatal crashes are found insensitive to paved outside shoulder width. 
The PDO crashes decrease with the increase of paved outside shoulder width. The effective 
range of paved outside shoulder width for injury crashes is no more than 4-ft. For rural two-lane 
highways as shown in Figure 5.1(c), fatal crashes will increase with the increase of paved 
outside shoulder width. The PDO crashes continue increase up to 7-ft and begin to drop 
significantly from 8-ft onward. Shoulder paving is generally insensitive to reduce injury crashes. 
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Figure 5.1(a). Safety Impacts of Increasing Outside Paved Shoulder Width for Rural Interstate 
Highways 
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Figure 5.1(b). Safety Impacts of Increasing Outside Paved Shoulder Width for Rural Multilane 
Highways 
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Safety Impacts of Increasing Outside Paved Shoulder Width for Rural Two-Lane Highways
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Figure 5.1(c). Safety Impacts of Increasing Outside Paved Shoulder Width for Rural Two-Lane 
Highways 
 
 Figure 5.1(d)-(f) presents marginal safety impacts of shoulder paving for urban 
highways. As seen in Figure 5.1(d), for urban Interstate highways fatal crashes are insensitive 
to the increase of paved outside shoulder width. Injury crashes first increase with the increase of 
outside paved shoulder width up to 3-ft, begin to drop at 4ft, are the lowest at 6-ft, and then 
begin to increase again. The PDO crashes decrease with the increase of paved outside 
shoulder width till 4-ft and then begin to increase. The range of paved outside shoulder width is 
effective for reducing injury crashes till 12-ft. For urban multilane highways as presented in 
Figure 5.1(e), fatal crashes are found insensitive to paved outside shoulder width. Both injury 
and PDO crashes first decrease and then increase with the increase of paved outside shoulder 
width. The effective ranges of paved outside shoulder width for injury and PDO crashes are no 
more than 4-ft and 7-ft, respectively. For urban two-lane highways as presented in Figure 5.1(f), 
fatal and injury crashes are insensitive to the increase of paved outside shoulder width. The 
PDO crashes decrease with the increase of paved outside shoulder width. 
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Figure 5.1(d). Safety Impacts of Increasing Outside Paved Shoulder Width for Urban Interstate 
Highways 
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Safety Impacts of Increasing Outside Paved Shoulder Width for Urban Multilane Highways
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Figure 5.1(e). Safety Impacts of Increasing Outside Paved Shoulder Width for Urban Multilane 
Highways 
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Figure 5.1(f) .Safety Impacts of Increasing Outside Paved Shoulder Width for Urban Two-Lane 
Highways 
 
Marginal Safety Impacts of Increasing Traffic Volume. The marginal safety impacts of increase 
traffic volume are measured as percentage increase in crashes per year per mile for every 
thousand vehicles increase in the existing AADT on a highway segment with a give outside 
paved shoulder width. The marginal safety impacts are separately established for fatal, injury, 
and PDO crashes for rural and urban Interstate, multilane, and two-lane highways, respectively 
and are illustrated in Figure 5.2(a)-(f). For a specific crash severity category that is insensitive to 
AADT increase, it is the marginal safety impact is not included in the graph. 
 As seen in Figure 5.2(a)-(f), the marginal safety impacts are generally very sensitive 
when the existing AADT is relatively low. When the existing AADT reaches 5,000 vehicles per 
day, the percentage increase in crashes resulted from per 1,000 AADT increase is between 10-
20 percent. Regardless of highway functional classes and crash severity categories, when the 
existing AADT reaches 10,000 per day, the percentage increase in crashes resulted from per 
1,000 AADT increase is generally no more than 10 percent. The percentage increase in crashes 
resulted from per 1,000 AADT increase is generally diminished when the AADT reaches 20,000.                       
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Marginal Safety Impacts of Increasing Traffic Volume by 1,000 Vehicles on Rural Interstate Highways 
(for a Given Outside Paved Shoulder Width)
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Figure 5.2(a). Safety Impacts of Increasing Traffic Volume on Rural Interstate Highways 
 
Marginal Safety Impacts of Increasing Traffic Volume by 1,000 Vehicles on Rural Multilane Highways 
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Figure 5.2(b). Safety Impacts of Increasing Traffic Volume on Rural Multilane Highways 
 
Marginal Safety Impacts of Increasing Traffic Volume by 1,000 Vehicles on Rural Two-Lane Highways 
(for a Given Outside Paved Shoulder Width)
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Figure 5.2(c). Safety Impacts of Increasing Traffic Volume on Rural Two-Lane Highways 
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Marginal Safety Impacts of Increasing Traffic Volume by 1,000 Vehicles on Urban Interstate Highways 
(for a Given Outside Paved Shoulder Width)
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Figure 5.2(d). Safety Impacts of Increasing Traffic Volume on Urban Interstate Highways 
 
Marginal Safety Impacts of Increasing Traffic Volume by 1,000 Vehicles on Urban Multilane Highways 
(for a Given Outside Paved Shoulder Width)
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
1,
00
0
2,
00
0
3,
00
0
4,
00
0
5,
00
0
6,
00
0
7,
00
0
8,
00
0
9,
00
0
10
,0
00
11
,0
00
12
,0
00
13
,0
00
14
,0
00
15
,0
00
16
,0
00
17
,0
00
18
,0
00
19
,0
00
20
,0
00
AADT
Pe
rc
en
ta
ge
 In
cr
ea
se
 in
 C
ra
sh
es
Injury PDO
  
Figure 5.2(e). Safety Impacts of Increasing Traffic Volume on Urban Multilane Highways 
 
Marginal Safety Impacts of Increasing Traffic Volume by 1,000 Vehicles on Urban Two-Lane Highways 
(for a Given Outside Paved Shoulder Width)
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Figure 5.2(f). Safety Impacts of Increasing Traffic Volume on Urban Two-Lane Highways 
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5.1.3  EB Analysis Results 
 Table 5.9 presents summary information on total number of highway segments for rural 
and urban Interstate, multilane, and two-lane highways with Type I and Type II treatments 
implemented in 2000-2006, along with mileage, total number of crashes by crash severity, and 
shoulder-related crash percentages out of the total crashes, respectively. These segments are 
only associated with Illinois DOT maintained highways and do not include tollways. Table 5.10 
provides additional EB analysis data information on number of Type I treated highway segments 
(with pavement resurfacing and shoulder paving including paving, widening, and adding new 
paved shoulders) and Type II treated segments (with pavement resurfacing only).  
 
Table 5.9. Data Summary of Type I and Type II Treated Highway Segments for EB Analysis  
Treatmen
t 
Highway 
Class Segments 
Mileag
e 
Total Number of Crashes % 
Shoulder
-Related
Fata
l 
Injur
y A
Injur
y B 
Injur
y C
Injur
y PDO Total 
Type I Rural Interstate 68 57.52 11 61 130 77 268 1,322 1,601 3-43% 
Multilane 4 1.29 3 2 9 4 15 152 170 1-10% 
Two-lane 21 22.98 2 56 122 118 296 1,007 1,305 2-21% 
Urba
n 
Interstate 59 15.03 16 89 319 147 555 2,527 3,098 8-33% 
Multilane 17 5.29 0 15 29 27 71 547 618 6-32% 
Two-lane 17 2.01 0 3 3 8 14 84 98 2-58% 
Type II Rural Interstate 21 12.45 1 18 31 19 68 382 451 3-48% 
Multilane 55 17.64 4 50 88 82 220 944 1,168 1-25% 
Two-lane 123 68.75 18 127 271 207 605 1,863 2,486 2-30% 
Urba
n 
Interstate 33 7.33 8 55 243 101 399 1,571 1,978 8-33% 
Multilan
e 
166 26.99 17 266 733 8401,839 6,312 8,16
8 
6-18% 
Two-
lane  
149 22.75 10 93 220 181 494 1,924 2,42
8 
2-34% 
Total 733 260.03 90 835
2,198
1,81
1
4,844
18,63
5 
23,56
9
4-28% 
 
Table 5.10. Number of Type I and Type II Treated Highway Segments for EB Analysis 
Classified by Shoulder Paving Width and Category 
 
Treatment 
Paved  
Shoulder  
Width  
Shoulder Paving Category 
Paving the Existing 
Paved Shoulder 
Widening the Existing 
Paved Shoulder 
Adding a New Paved 
Shoulder 
Type I ≤ 1-8ft 20 13 14
> 8ft 125 14 -
Type II  No paved 
width 
 219 
≤ 1-8ft 279  
> 8ft 242  
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 The safety impacts of shoulder paving for rural and urban Interstate, multilane, and two-
lane highways were separately assessed by properly creating comparison groups for highway 
segments with Type I treatment and Type II treatment by AADT range, outside paved shoulder 
width, lane width, and combined lane and outside paved shoulder width. For each of these 
assessments, safety impacts in terms of percentages of fatal, injury, and PDO crash reductions 
were separately established for segments involved with paving the existing paved shoulders, 
widening the existing paved shoulders, and adding new paved shoulders, respectively. Due to 
limited sample size in the available dataset, the assessment of safety impacts of shoulder 
paving was not able to be conducted for some classes of highway.  
Safety Impacts of Shoulder Paving for Highway Segments Classified by AADT  
 Figure 5.3 presents safety impacts of shoulder paving for highway segments classified 
by AADT. In general, adding new paved shoulders appears to be more effective than widening 
the existing paved shoulders and paving the existing paved shoulders. Among all highway 
classes, shoulder paving is most effective for multilane highways, followed by two-lane 
highways and then Interstate highways. Shoulder paving is effective for paving and widening the 
existing paved shoulders of Interstate highways with AADT not exceeding 30,000, for paving the 
existing paved shoulders of multilane and two-lane highways with AADT not exceeding 20,000 
and 10,000, and for adding new paved shoulders of multilane and two-lane highways with AADT 
within the ranges of 20,000-30,000, and 10,000-20,000, respectively. Table 5.11 lists reductions 
in crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane 
highways with AADT within these ranges. 
 
Table 5.11. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by AADT Range Using EB Analysis Approach 
Shoulder 
Paving 
Category 
Highway  
Class AADT  Range 
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate  30,000 23% 10% 1%
Multilane  20,000 59% 68% 52%
Two-lane  10,000 18% 18% 25%
Urban Interstate  30,000 2% 19% 4%
Multilane  20,000 35% 76% 77%
Two-lane  10,000 9% 7% 15%
Widening the 
existing paved 
shoulder 
Rural Interstate  30,000 4% 1% 33%
Urban Interstate  30,000 19% 26% 17%
Adding a new 
paved shoulder 
Urban Multilane 20,000 - 
30,000
43% -2% 75%
Two-lane 10,000 - 
20,000
40% 67% 49%
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Figure 5.3. EB Analysis Results of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by AADT  
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5.1.3.1 Safety Impacts of Shoulder Paving for Highway Segments Classified by Per Lane Daily 
Traffic  
 Figure 5.5 illustrates safety impacts of shoulder paving for highway segments classified 
by per lane daily traffic. In general, adding new paved shoulders and widening existing paved 
shoulders are more effective than paving the existing paved shoulders in crash reductions. 
Consistent with the findings of shoulder paving impacts classified by AADT, shoulder paving is 
most effective for multilane highways, followed by two-lane highways and then Interstate 
highways. Shoulder paving is effective for paving and widening the existing paved shoulders of 
rural Interstate highways with per lane daily traffic not exceeding 10,000, for paving and 
widening the existing paved shoulders of urban Interstate highways with per lane daily traffic 
within 5,000-10,000, for paving the existing paved shoulders of multilane highways with per lane 
daily traffic not exceeding 10,000, for widening and adding shoulders of multilane highways with 
per lane daily traffic ranging 5,000-10,000, and for paving, widening, and adding paved 
shoulders of two-lane highways with per lane daily traffic within 5,000-10,000, respectively. 
Table 5.11 presents reductions in crashes potentially affected by shoulder paving for Interstate, 
multilane, and two-lane highways with per lane daily traffic within these ranges. 
 
Table 5.12. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by Per Lane Daily Traffic Range Using EB 
Analysis Approach 
Shoulder 
Paving 
Category 
Highway  
Class Per Lane Daily Traffic Range
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate  10,000 24-29% 1-13% 2-18%
Multilane  10,000 25-59% 0-68% 19-52%
Two-lane  5,000 1% 3% 7%
Urban Interstate 5,000 - 10,000 14% 14% -35%
Multilane  10,000 2-35% 5-76% -38-77%
Two-lane  5,000 10% 7% 15%
Widening the 
existing paved 
shoulder 
Rural Interstate  10,000 7-12% 14-22% 16-40%
Urban Interstate 5,000 - 10,000 23% 36% 15%
Multilane 5,000 - 10,000 31% 34% 55%
Adding a new 
paved shoulder 
Urban Multilane 5,000 - 10,000 43% 3% 75%
Two-lane  5,000 9% 21% 4%
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Figure 5.4. EB Analysis Results of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by Per Lane Daily Traffic 
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5.1.3.2 Safety Impacts of Shoulder Paving for Highway Segments Classified by Outside Paved 
Shoulder Width  
 Figure 5.5 illustrates safety impacts of shoulder paving for highway segments classified 
by outside paved shoulder width. For all classes of highways with sufficient data for EB analysis, 
paving the existing paved shoulders and adding new paved shoulders were found to be 
effective in reducing crashes when the paved shoulder width is within 8ft. In many case, 
shoulder-related crashes generally increase for fatal, injury, and PDO crashes when the paved 
shoulder width is wider than 8ft, with the exception of widening shoulders of urban Interstate 
highways that still experience crash reductions when the outside paved shoulder width 
exceeding 8ft. Table 5.13 summarizes reductions in crashes potentially affected by shoulder 
paving for Interstate, multilane, and two-lane highways with outside paved shoulder width within 
or exceeding the 8-ft range. 
 
Table 5.13. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by Effective Outside Paved Shoulder Width Using 
EB Analysis Approach 
Shoulder 
Paving 
Category 
Highway Class Outside Paved 
Shoulder Width
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate > 8ft -28% -8% -14%
Multilane > 8ft -21% -44% -35%
Two-lane  8ft 1% 6% 7%
 > 8ft -10% 2% -4%
Urban Interstate > 8ft -23% -22% -26%
Multilane > 8ft -2% -6% -14%
Two-lane > 8ft -14% 6% -17%
Widening the 
existing paved 
shoulder 
Rural Interstate > 8ft -19% -35% 5%
Urban Interstate > 8ft 4% 24% -6%
Adding a new 
paved shoulder 
Urban Multilane  8ft 34% 14% 60%
Two-lane  8ft 2% 28% 11%
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Figure 5.5. EB Analysis Results of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by Outside Paved Shoulder Width 
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5.1.3.3  Safety Impacts of Shoulder Paving for Highway Segments Classified by Lane Width  
 Figure 5.6 shows safety impacts of shoulder paving for highway segments classified by 
lane width. For all classes of highways with sufficient data for EB analysis, shoulder paving is 
found to be effective in reducing crashes when the lane width is within 12ft. Shoulder-related 
crashes generally increase for fatal, injury, and PDO crashes when the lane width exceeds 12ft. 
Table 5.14 lists reductions in crashes potentially affected by shoulder paving for Interstate, 
multilane, and two-lane highways with lane width within and exceeding the 12-ft range. 
 
Table 5.14. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by Effective Lane Width Using EB Analysis 
Approach 
Shoulder 
Paving 
Category 
Highway Class Outside Paved 
Shoulder Width
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate  12ft 24% 5% 13%
Multilane > 12ft -17% -48% -16%
Two-lane > 12ft -17% -13% -23%
Urban Interstate > 12ft -24% -21% -26%
Multilane  12ft 3% 2% 16%
Two-lane  12ft 17% 6% 24%
 > 12ft -9% -37% -7%
Widening the 
existing paved 
shoulder 
Rural Interstate  12ft 5% 6% 24%
Urban Interstate  12ft 17% 28% 52%
Adding a new 
paved shoulder 
Urban Multilane  12ft 33% 15% 59%
Two-lane  12ft 30% 64% 31%
 > 12ft -17% 2% -7%
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Figure 5.6. EB Analysis Results of Safety impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by Lane Width 
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5.1.3.4 Safety Impacts of Shoulder Paving for Highway Segments Classified by Combined 
Lane/Outside Paved Shoulder Width  
 
 Figure 5.7 illustrates safety impacts of shoulder paving for highway segments classified 
by combined lane width and outside paved shoulder width. For all classes of highways with 
sufficient data for EB analysis, shoulder paving is found to be effective in reducing crashes 
when the combined width is within 20ft. Shoulder-related crashes generally increase for fatal, 
injury, and PDO crashes when the paved shoulder width is wider than 20ft. In general, widening 
existing paved shoulders and adding new paved shoulders is more effective for multilane 
highways than two-lane highways. Table 5.15 shows reductions in crashes potentially affected 
by shoulder paving for Interstate, multilane, and two-lane highways with combined lane and 
outside paved shoulder width within and exceeding the 20-ft range. 
 
Table 5.15. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by Effective Combined Lane Width and Outside 
Paved Shoulder Width Using EB Analysis Approach 
Shoulder 
Paving 
Category 
Highway Class Lane/Paved 
Shoulder Width
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate > 20ft -24% -10% -14%
Multilane > 20ft -2% -31% -10%
Two-lane  20ft 5% 16% 15%
 > 20ft -10% 3% 2%
Urban Interstate > 20ft -21% -27% -28%
Multilane > 20ft -4% 21% -14%
Two-lane > 20ft -12% 19% -11%
Widening the 
existing paved 
shoulder 
Rural Interstate > 20ft -22% -51% 2%
Urban Interstate > 20ft -2% 19% -9%
Multilane  20ft 10% 36% 51%
Adding a new 
paved shoulder 
Urban Multilane  20ft 32% 3% 59%
Two-lane  20ft 6% 28% 12%
 > 20ft -58% -62% -65%
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Figure 5.7. EB Analysis Results of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by Combined Lane and Outside Paved 
Shoulder Width 
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5.2 APPLICATION OF CROSS-SECTIONAL APPROACH FOR SHOULDER PAVING 
IMPACTS ANALYSIS  
 
 The cross-sectional analysis approach discussed in Section 3.3 was applied using after 
treatment period data on highway segments with Type I and Type II treatments implemented 
during 2000-2006. The following sections discuss data preparation and cross-sectional analysis 
results. 
 
5.2.1 Data Preparation  
 Table 5.16 summarizes total number of highway segments for rural/urban Interstate, 
multilane, and two-lane highways with Type I and Type II treatments in 2000-2006, along with 
mileage, total number of crashes by crash severity for the after treatment period, and 
percentage of shoulder-related crashes, respectively. These segments are only associated with 
Illinois DOT maintained highways and do not include tollways. As shown in Table 5.17, the 
number of Type I treated highway segments (with pavement resurfacing and shoulder paving 
including paving, widening, and adding new paved shoulders) and Type II treated segments 
(with pavement resurfacing only) for cross-sectional analysis is maintained the same as that for 
EB analysis.   
 
Table 5.16. Data Information of Type I and Type II Treated Segments for Cross-Sectional 
Analysis   
Treatment Highway Class Segments Mileage
Total Number of Crashes % 
Shoulder-
Related Fatal IA IB IC Injury PDO Total 
Type I Rural Interstate 68 57.52 9 47 75 39 161 571 741 3-45% 
Multilane 4 1.29 3 1 5 2 8 23 34 1-30% 
Two-lane  21 22.98 1 21 59 41 121 393 515 2-34% 
UrbanInterstate 59 15.03 12 51 200 59 310 715 1,037 8-38% 
Multilane 17 5.29 0 6 20 13 39 107 146 6-49% 
Two-lane  17 2.01 0 3 2 1 6 33 39 2-63% 
Type II Rural Interstate 21 12.45 1 9 11 6 26 145 172 3-53% 
Multilane 55 17.64 2 21 47 31 99 363 464 1-33% 
Two-lane  123 68.75 14 51 111 65 227 779 1,020 2-29% 
UrbanInterstate 33 7.33 0 11 53 7 71 207 278 8-42% 
Multilane 166 26.99 11 115 328 294 7372,4303,178 6-22% 
Two-
lane  
149 22.75 7 48 110 34 192 524 723 2-34% 
Total 733 260.03 60 384 1,021 592 1,9976,290 8,347 4-31% 
 
Table 5.17. Number of Type I and Type II Treated Highway Segments for Cross-Sectional 
Analysis Classified by Shoulder Paving Width and Category 
 
Treatment 
Paved  
Shoulder  
Width  
Shoulder Paving Category 
Paving the Existing 
Paved Shoulder 
Widening the Existing 
Paved Shoulder 
Adding a New Paved 
Shoulder 
Type I ≤ 1-8ft 20 13 14
> 8ft 125 14 -
Type II  No paved 
width 
 219 
≤ 1-8ft 279  
> 8ft 242  
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5.2.2 Comparability of Type I and Type II Treated Highway Segments for the Before 
Treatment Period 
 Table 5.18 presents the one-way ANOVA analysis results for examining the 
comparability of Type I and Type II treated highway segments for the before treatment period. 
The incompatible sites revealed include PDO crashes for urban two-lane segments based on 
the criterion of shoulder-related crashes, and fatal crashes for rural two-lane segments and 
PDO crashes for urban multilane segments in accordance with the criterion of all crashes. In 
addition, the per lane daily traffic for multilane segments with Type I and Type treatments was 
found to be statistically different. This indicates that the cross-sectional analysis will not 
generate meaningful estimations of safety impacts of shoulder paving for fatal crashes for rural 
two-lane highways, and PDO crashes for urban multilane and urban two-lane highways. 
Consequently, safety impacts of shoulder paving were not assessed for those crash severity 
categories and highway classes.  
 
Table 5.18. Comparability Test Results of Type I and Type II Treated Highway Segments for the 
Before Treatment Period 
Highway Class F-Statistic 
Critical 
Value 
Shoulder-Related Crashes All Crashes Per Lane 
Daily TrafficFatal Injury PDO Fatal Injury PDO 
Rural Interstate 3.95 2.89 0.97 0.28 1.09 0.01 0.55 0.23 
Significant No No No No No No No 
Multilane 4.01 0.42 0.66 0.72 0.51 0.94 1.15 0.90 
Significant No No No No No No No 
Two-lane 3.91 2.43 1.66 0.60 4.90 2.40 3.49 2.11 
Significant No No No Yes No No No 
Urban Interstate 3.95 2.20 1.96 0.49 0.01 3.39 2.71 14.58 
Significant No No No No No No Yes 
Multilane 3.89 0.10 0.41 0.04 1.52 3.25 4.22 14.32 
Significant No No No No No Yes Yes 
Two-lane 3.90 0.36 1.68 5.18 0.83 0.94 0.70 0.27 
Significant No No Yes No No No No 
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5.2.3 Aggregated Safety Impacts of Shoulder Paving  
 Table 5.19 presents average percentage reductions in shoulder-related crashes on the 
basis of the cross-sectional analysis using only the after treatment period data for comparable 
Type I and Type II treated rural and urban Interstate, multilane, and two-lane sites by crash 
severity category. The safety impacts of shoulder paving on target fatal crashes related to rural 
two-lane highways, and target PDO crashes for urban multilane and two-lane highways were 
not assessed before the Type I and Type II treated highway segments for the before treatment 
period are not compatible. With a few exceptions on target PDO crashes for rural multilane 
highways and target injury and PDO crashes for urban Interstate highways, shoulder paving 
was found to be highly effective. The percentage reductions in shoulder-related fatal, injury, and 
PDO crashes range 74-100 percent, 56-95 percent, and 67-84 percent correspondingly. 
Relatively higher percentage reductions were found for rural area and for two-lane highways, 
respectively. 
 
Table 5.19. Aggregated Average Reductions in Crashes Resulted from Shoulder Paving Using 
Cross-Sectional Analysis Approach 
ANOVA Model as 
Equation (3-20) 
Highway  
Class 
Shoulder-Related  Crashes Per Lane-
Mile Per Year 
Fatal Injury PDO 
µ Rural Interstate 0.06 0.24 1.15
Multilane 0.03 2.26 3.44
Two-lane   0.80 1.16
Urban Interstate 0.00 1.65 2.09
Two-lane  0.02 0.88 
T1 Rural Interstate -0.04 -0.11 -0.83
Multilane 0.03 -0.88 0.03
Two-lane   -0.47 -0.59
Urban Interstate 0.00 0.49 0.05
Two-lane  -0.02 -0.79 
T2 Rural Interstate 0.04 0.11 0.83
Multilane -0.03 0.88 -0.03
Two-lane   0.47 0.59
Urban Interstate 0.00 -0.49 -0.05
Two-lane  0.02 0.79 
Aggregated 
Average Crash 
Reductions  
Rural Interstate 74% 65% 84%
Multilane *  56% -2%
Two-lane    74% 67%
Urban Interstate 100% -84% -5%
Two-lane  100% 95%
              * The ratio for fatal crashes associated with rural multilane highways could not be 
                 established as no crash occurred on Type II treated highway segments in the after 
                 treatment period.   
 
 
120 
 
5.2.4 Disaggregated Safety Impacts of Shoulder Paving  
 Similar to EB analysis, the safety impacts of shoulder paving in the cross-sectional 
analysis were further assessed by grouping the comparable Type I and Type II treated highway 
segments according to AADT ranges, per lane daily traffic ranges, outside paved shoulder 
width, lane width, and combined lane and outside paved shoulder width, respectively. For each 
case, shoulder paving impacts were separately evaluated for highway segments involving 
paving the existing paved shoulders, widening the existing paved shoulders, and adding new 
paved shoulders. 
 
5.2.4.1 Safety Impacts of Shoulder Paving for Highway Segments Classified by AADT  
 As shown in Figure 5.8, consistent results are obtained in most cases on the safety 
impacts of shoulder paving for highway segments classified by AADT. Paving, widening, and 
adding paved shoulders are effective in reducing shoulder-related crashes on Interstate 
highways with AADT not exceeding 30,000. Paving the existing paved shoulders is effective for 
multilane and two-lane highways with AADT not exceeding 20,000 and 10,000, respectively. 
Adding new paved shoulders is effective for multilane and two-lane highways with AADT within 
ranges of 20,000-30,000 and 10,000-20,000 correspondingly. Table 5.20 lists reductions in 
crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane highways 
with those AADT ranges. 
 
Table 5.20. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by AADT Range Using Cross-Sectional Analysis 
Approach 
Shoulder 
Paving 
Classification 
Highway  
Class AADT  Range 
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate  30,000 75% 80% 87%
Multilane  20,000 100% 32% 53%
Urban Interstate  30,000 -1% 98% 100%
Multilane  20,000 100% 100% 
Two-lane  10,000 100% 84% 
Widening the 
existing paved 
shoulder 
Rural Interstate  30,000 88% 76% 98%
Urban Interstate  30,000 20% 93% 100%
Adding a new 
paved shoulder 
Urban Multilane 20,000 - 
30,000
100% -100% 
Two-lane 10,000 - 
20,000
60% 100% 
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Figure 5.8. Cross-Sectional Analysis Results of Safety Impacts of Shoulder Paving for Rural and 
Urban Interstate, Multilane, and Two-Lane Highways Classified by AADT Range  
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5.2.4.2 Safety Impacts of Shoulder Paving for Highway Segments Classified by Per Lane Daily 
Traffic  
 As illustrated in Figure 5.9, more consistent results are obtained on the analysis for 
highway segments grouped by per lane daily traffic. Paving the existing and adding new paved 
shoulders are effective in reducing shoulder-related crashes on Interstate highways with per 
lane daily traffic not exceeding 10,000. Paving  the existing paved shoulders is effective for rural 
multilane and rural/urban two-lane highways with per lane daily traffic not exceeding 10,000 and 
5,000, respectively. Adding new paved shoulders is effective for two-lane highways with per 
lane daily traffic not exceeding 5,000 correspondingly. Table 5.21 presents the reductions in 
crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane highways 
with those ranges. 
 
Table 5.21. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by Per Lane Daily Traffic Range Using Cross-
Sectional Analysis Approach 
Shoulder 
Paving 
Classification 
Highway  
Class Per Lane Daily Traffic Range
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate  10,000 70-88% 62-81% 43-98%
Multilane  10,000 60-100% 32-86% 53-62%
Two-lane  5,000 100% 88% 87%
Urban Interstate 5,000 - 10,000 14% 98% 36%
Two-lane  5,000 100% 84% 
Widening the 
existing paved 
shoulder 
Rural Interstate  10,000 15-96% 48-90% 88-99%
Adding a new 
paved shoulder 
Urban Two-lane  5,000 100% 96% 
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Figure 5.9. Cross-Sectional Analysis Results of Safety impacts of Shoulder Paving for Rural and 
Urban Interstate, Multilane, and Two-Lane Highways Classified by Per Lane Daily Traffic Range  
Safety Impacts of Shoulder Paving for Highway Segments Classified by Outside Paved 
Shoulder Width  
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 As shown in Figure 5.10, consistent results are obtained on the safety impacts of 
shoulder paving for highway segments classified by outside paved shoulder width. Shoulder 
paving is most effective by adding new paved shoulders, followed by widening paved shoulders, 
and is least effective for paving the existing paved shoulders. For all classes of highways with 
sufficient data for the cross-sectional analysis, paving, widening, and adding paved shoulders 
were found to be effective in reducing crashes when the paved shoulder width is within 8ft. For 
some highway classes, shoulder paving is still effective in reducing fatal, injury or PDO crashes 
when the paved shoulder width is wider than 8ft. Table 5.22 summarizes reductions in crashes 
potentially affected by shoulder paving for Interstate, multilane, and two-lane highways with 
outside paved shoulder width within and exceeding the 8-ft range. 
 
Table 5.22. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by Outside Paved Shoulder Width Using Cross-
Sectional Analysis Approach 
Shoulder 
Paving 
Classification 
Highway Class Outside Paved 
Shoulder Width
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate > 8ft -63% -55% -68%
Multilane > 8ft -100% 41% 9%
Two-lane  8ft  87% 85%
 > 8ft  5% 2%
Urban Interstate > 8ft -11% 54% -13%
Multilane > 8ft 100% -45% 
Two-lane > 8ft 100% 91% 
Widening paved 
shoulder 
Rural Interstate > 8ft -100% 48% 97%
Urban Interstate > 8ft -40% 97% 59%
Adding new 
paved shoulder 
Urban Multilane  8ft 100% 100% 
Two-lane  8ft 100% 96% 
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Figure 5.10. Cross-Sectional Analysis Results of Safety impacts of Shoulder Paving for Rural 
and Urban Interstate, Multilane, and Two-Lane Highways Classified by Outside Paved Shoulder 
Width  
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5.2.4.3 Safety Impacts of Shoulder Paving for Highway Segments Classified by Lane Width  
 As presented in Figure 5.11, consistent results are obtained on the safety impacts of 
shoulder paving for highway segments classified by lane width. For all classes of highways with 
sufficient data for the cross-sectional analysis, paving, widening, and adding paved shoulders 
were found to be effective in reducing crashes when the lane width is within 12ft. For some 
highway classes, shoulder paving is still effective in reducing fatal, injury or PDO crashes when 
the lane width is wider than 12ft. Table 5.23 shows reductions in crashes potentially affected by 
shoulder paving for Interstate, multilane, and two-lane highways with lane width within and 
exceeding the 12-ft range. 
 
Table 5.23. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by Lane Width Using Cross-Sectional Analysis 
Approach 
Shoulder 
Paving 
Classification 
Highway Class Outside Paved 
Shoulder Width
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate  12ft 72% 65% 74%
Multilane > 12ft -100% 44% 67%
Two-lane > 12ft  36% -13%
Urban Interstate > 12ft -4% 55% -4%
Multilane  12ft 100% 73% 
Two-lane  12ft 100% 88% 
Widening the 
existing paved 
shoulder 
Rural Interstate  12ft 85% 74% 97%
Urban Interstate  12ft 100% 72% 98%
Adding new 
paved shoulder 
Urban Multilane  12ft 100% -100% 
Two-lane  12ft 100% 100% 
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Figure 5.11. Cross-Sectional Analysis Results of Safety Impacts of Shoulder Paving for Rural 
and Urban Interstate, Multilane, and Two-Lane Highways Classified by Lane Width  
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5.2.4.4 Safety Impacts of Shoulder Paving for Highway Segments Classified by Combined 
Lane/Outside Paved Shoulder Width  
 As presented in Figure 5.12, consistent results are obtained on the safety impacts of 
shoulder paving for highway segments classified by combined lane and outside paved shoulder 
width. For all classes of highways with sufficient data for the cross-sectional analysis, paving, 
widening, and adding paved shoulders were found to be effective in reducing crashes when the 
combined lane and outside paved shoulder width is within 20ft. For some highway classes, 
shoulder paving is still effective in reducing fatal, injury or PDO crashes when the combined 
lane and outside paved shoulder width is wider than 20ft. Table 5.24 lists reductions in crashes 
potentially affected by shoulder paving for Interstate, multilane, and two-lane highways with 
combined lane/outside paved shoulder width within and exceeding 20ft. 
 
Table 5.24. Average Reductions in Crashes Potentially Affected by Shoulder Paving for 
Interstate, Multilane, and Two-Lane Highways by Combined Lane Width and Outside Paved 
Shoulder Width Using Cross-Sectional Analysis Approach 
Shoulder 
Paving 
Classification 
Highway Class Lane/Paved 
Shoulder Width
% Reduction in Shoulder-Related Crashes 
Fatal Injury PDO 
Paving  the 
existing paved 
shoulder  
Rural Interstate > 20ft 63% 55% 68%
Multilane > 20ft -100% 35% 33%
Two-lane  20ft  86% 83%
 > 20ft  12% 10%
Urban Interstate > 20ft -3% 54% -13%
Multilane > 20ft -8% -43% 
Two-lane > 20ft 100% 89% 
Widening the 
existing paved 
shoulder 
Rural Interstate > 20ft -10% 43% 97%
Urban Interstate > 20ft -1% 97% 59%
Adding a new 
paved shoulder 
Urban Multilane  20ft 100% 100% 
Two-lane  20ft 100% 99% 
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Figure 5.12. Cross-Sectional Analysis Results of Safety impacts of Shoulder Paving for Rural 
and Urban Interstate, Multilane, and Two-Lane Highways Classified by Combined Lane and 
Outside Paved Shoulder Width  
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5.3 SAFETY IMPACTS OF PAVING, WIDENING, AND ADDING PAVED SHOULDERS  
 
 The EB analysis and cross-sectional analysis results have revealed that different extents 
of safety impacts are achieved for paving the existing paved shoulder, widening the existing 
paved shoulder, and adding a new paved shoulder. As compared with the cross-sectional 
analysis approach, The EB analysis approach could produce more reliable results because it 
corrects regression-to-mean biases. Also, comparability issues of shoulder-related crashes in 
before treatment period were identified for Type I and Type II treated highway segments for 
some crash severity categories/highway classes in the cross sectional analysis. In this study, 
the EB analysis results and marginal safety impacts of paved shoulder widths derived from the 
calibrated SPFs were utilized to establish percentage reductions (and standard deviations) in 
shoulder-related fatal, injury, and PDO crashes for paving, widening, and adding paved 
shoulders, respectively. Tables 5.25(a) and (b) summarize the findings and brief descriptions 
follow. 
 
Safety Impacts of Paving and Widening Paved Shoulders for Rural Interstate Highways. Based 
on the shoulder paving data collected, all rural Interstate highways maintain a minimum of 4ft 
wide paved shoulders. Therefore, adding a new paved shoulder is not applicable for rural 
Interstate highways. In general, shoulder paving is effective when paved shoulder width after 
treatment does not go beyond 8ft. For paving the existing paved shoulder of a rural Interstate 
highway, shoulder paving appears to be effective in reducing shoulder-related fatal, injury, and 
PDO crashes for all paved widths. With the increase in paved shoulder widths, the rates of 
shoulder-related crash reductions will decrease for fatal crashes and will increase for injury and 
PDO crashes. Widening a 4ft or 6ft wide paved shoulder to 8ft is found to be effective in 
reducing injury and PDO crashes, except for the tendency of a minor increase in fatal crashes. 
Given the fact that the frequency of shoulder-related fatal crashes is always very low, this 
seems to suggest that maintaining an 8ft paved shoulder after paving or widening is most 
effective.       
 
Safety Impacts of Paving and Widening Paved Shoulders for Urban Interstate Highways. Similar 
to rural Interstate highways, all urban Interstate highways maintain at least 4ft wide paved 
shoulders and thus adding new paved shoulders for these highways is not applicable. For 
paving the existing paved shoulder, it is effective in reducing shoulder-related fatal, injury, and 
PDO crashes for all paved widths. However, paving the 6ft paved shoulder could achieve the 
highest crash reductions. Increasing the paved shoulder width from 4ft to 6ft is more effective 
than from 4ft to 8ft in reducing all categories of crashes. This may suggest that maintaining a 6ft 
paved shoulder after paving or widening is most desirable.  
 
Safety Impacts of Paving, Widening and Adding Paved Shoulders for Rural Multilane Highways. 
For paving the existing paved shoulder of a rural multilane highway, it is effective in reducing 
shoulder-related fatal, injury, and PDO crashes for all paved widths. Shoulder-related injury and 
PDO crashes will increase when increasing paved shoulder width from 4ft to 6ft and from 4ft to 
8ft, while shoulder-related fatal crashes will decrease accordingly. Given the fact that the 
frequency of shoulder-related fatal crashes is always very low, it does not recommend to widen 
the existing paved shoulder. Adding a 4ft, 6ft or 8ft wide paved shoulder is effective in reducing 
shoulder-related fatal, injury, and PDO crashes. In general, maintaining a 4ft or 6ft paved width 
after the paving or adding treatment appears to be more desirable.  
 
Safety Impacts of Paving, Widening and Adding Paved Shoulders for Urban Multilane 
Highways. For paving the existing paved shoulder of an urban multilane highway, it is effective 
in reducing shoulder-related fatal, injury, and PDO crashes for all paved widths. With the 
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increase in paved shoulder width from 2ft to 4ft, 6ft and then to 8ft, the rates of shoulder-related 
crash reductions will decrease for injury and PDO crashes. However, the related rates will 
increase for fatal crashes. Similar to rural multilane highways, widening the paved shoulder from 
4ft to 6ft, 4ft to 8ft or 6ft to 8ft will result in increases in shoulder-related injury and PDO crashes. 
For the same reason that the frequency of shoulder-related fatal crashes is always very low, 
widening paved shoulders is not recommended for urban multilane highways. Adding a new 4ft 
or 6ft wide paved shoulder is effective in reducing shoulder-related fatal, injury, and PDO 
crashes. Similar to rural multilane highways, keeping 4ft or 6ft wide paved shoulders for urban 
multilane highways after the paving or adding treatment appears to be more desirable.  
 
Safety Impacts of Paving, Widening and Adding Paved Shoulders for Rural Two-Lane 
Highways. For paving the existing paved shoulder of a rural two-lane highway, it is effective in 
reducing shoulder-related injury and PDO crashes for all paved widths. The rates of shoulder-
related injury and PDO crash reductions will increase with the increase in paved shoulder 
widths. Paving the existing shoulder is also effective in reducing shoulder-related fatal crashes 
when the paved shoulder width does not exceed 4ft. However, the rate of shoulder-related fatal 
crash reductions will decrease with the increase in paved shoulder widths. Similar trends were 
found for widening and adding paved shoulders. Specifically, widening the paved shoulder from 
4ft to 6ft, 4ft to 8ft, and 6ft to 8ft; and adding a new paved shoulder by increasing the paved 
width from 4ft to 6ft and then to 8ft will result in decreases in shoulder-related injury and PDO 
crashes and increases in shoulder-related fatal crashes. The more effective shoulder treatments 
are paving, widening, and adding paved shoulders up to 8ft wide. 
 
Safety Impacts of Paving, Widening and Adding Paved Shoulders for Urban Two-Lane 
Highways. For paving the existing paved shoulder of an urban two-lane highway, it is effective in 
reducing shoulder-related fatal, injury, and PDO crashes for all paved shoulder widths. Similar 
to the safety impacts trends of widening and adding paved shoulders identified for rural two-lane 
highways, widening and adding paved shoulders for urban two-lane highways will result in 
decreases in shoulder-related injury and PDO crashes and increases in shoulder-related fatal 
crashes. The desirable shoulder treatments are paving 8ft, widening from 4ft to 8ft, and adding 
6ft or 8ft wide paved shoulders. 
 
Table 5.25(a). Average and Standard Deviation of Percentage Reductions in Shoulder-Related 
Fatal, Injury, and PDO Crashes by Paving, Widening, and Adding Paved Shoulders for Rural 
Highways  
Highway 
Class 
From 
(ft)
Paving  Widening  Adding  
To 
(ft) 
Fatal Injur
y 
PDO To (ft) Fatal Injury PDO To (ft) Fatal Injury PDO
Interstate 4 4 6%
(1%)
5% 
(0.1%
) 
20%
(1%)
6 -3%
(5%)
-5%
(6%)
13%
(2%)
 
   8 -6%
(9%)
2%
(0.1%)
33%
(8%)
 
 
6 6 5%
(0.4%
)
2% 
(0.1%
) 
27%
(4%)
8 -3%
(4%)
8%
(1%)
19%
(3%)
 
8 8 3%
(0.3%
)
6% 
(1%) 
36%
(8%)
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>8 8 -19%
(7%)
-8% 
(3%) 
5%
(0.5%)
      
Multilane 0    4 2%
(0.2%)
5%
(4%)
23%
(4%)
    6 5%
(1%)
2%
(0.1%
)
21%
(4%)
    8 8%
(1%)
0%
(0%)
18%
(3%)
2 2 19%
(4%)
3% 
(2%) 
15%
(3%)
  
4 4 19%
(4%)
3% 
(8%) 
20%
(4%)
6 2%
(0.1%
)
-3%
(6%)
-2%
(3%)
 
   8 5%
(0.3%
)
-6%
(7%)
-5%
(8%)
 
6 6 20%
(4%)
1% 
(0.1%
) 
19%
(1%)
8 3%
(0.1%
)
-2%
(2%)
-4%
(6%)
 
≥8 8 22%
(5%)
0% 
(0%) 
18%
(0.2%)
  
Two-lane 0    4 -5%
(1%)
2%
(0.1%
)
2%
(0.2%
)
    6 -8%
(0.3%)
5%
(0.3%
)
25%
(2%)
    8 -11%
(0.4%)
8%
(1%)
43%
(3%)
2 2 3%
(0.1%
)
4% 
(8%) 
8%
(2%)
  
4 4 1%
(0%)
4% 
(3%) 
10%
(0.4%)
6 -3%
(4%)
4%
(0.1%)
23%
(1%)
 
   8 -7%
(13%)
7%
(0.3%)
41%
(1%)
 
6 6 -1%
(2%)
6% 
(1%) 
21%
(2%)
8 -4%
(6%)
3%
(0.1%)
18%
(1%)
 
8 8 -2%
(3%)
8% 
(1%) 
30%
(2%)
  
>8 >8 -10%
(11%)
6% 
(0.2%
) 
7%
(1%)
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Table 5.25(b). Average and Standard Deviation of Percentage Reductions in Shoulder-Related 
Fatal, Injury, and PDO Crashes by Paving, Widening, and Adding Paved Shoulders for Urban 
Highways  
Highway 
Class 
From 
(ft)
Paving Widening Adding 
To 
(ft) 
Fatal Injur
y 
PD
O 
To (ft)Fatal Injury PDO To (ft) Fatal Injury PDO 
Interstate 4 4 1% 
(0.2%) 
3%
(2%)
27%
(3%)
6 1%
(0.1%)
4%
(1%)
2%
(0.2%)
 
   8 2%
(0.1%)
3%
(2%)
-23%
(26%)
 
6 6 2% 
(0.1%) 
5%
(0%)
28%
(3%)
8 0%
(0%)
-1%
(3%)
-25%
(29%)
 
8 8 2% 
(0.1%) 
5%
(3%)
16%
(2%)
  
>8 8 4% 
(0.2%) 
-22%
(13%)
-6%
(11%)
      
Multilane 0    4 7%
(1%)
2%
(0.1%
)
3%
(0.1%
)
    6 17%
(3%)
0%
(0%)
0%
(0.2%
)
    8 23%
(5%)
-6%
(6%)
-6%
(9%)
2 2 5% 
(0.1%) 
5%
(2%)
9%
(0%)
  
4 4 7% 
(1%) 
5%
(0.4%
)
10%
(2%)
6 10%
(1%)
-1%
(2%)
-4%
(5%)
 
   8 16%
(2%)
-7%
(9%)
-9%
(10%)
 
6 6 12% 
(2%) 
4%
(0.3%
)
8%
(6%)
8 7%
(0.4%)
-6%
(8%)
-5%
(8%)
 
≥8 8 15% 
(3%) 
1%
(0.1%
)
5%
(2%)
  
Two-lane 0    4 -7%
(12%
)
2%
(0%)
10%
(1%)
    6 -9%
(12%
)
7%
(0.4%
)
20%
(4%)
    8 -11%
(11%
)
37%
(6%)
23%
(5%)
2 2 3% 
(0%) 
3%
(2%)
5%
(5%)
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4 4 2% 
(0.1%) 
4%
(4%)
6%
(3%)
6 -2%
(3%)
4%
(0.2%)
9%
(1%)
 
   8 -4%
(5%)
35%
(3%)
13%
(2%)
 
6 6 2% 
(0.1%) 
5%
(4%)
9%
(2%)
8 -2%
(2%)
31%
(2%)
3%
(0.2%)
 
8 8 1% 
(0.1%) 
12%
(11%)
10%
(1%)
  
>8 >8 2% 
(0.2%) 
28%
(2%)
11%
(0.2%
)
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CHAPTER 6  COMPUTATION, PRIORITIZATION, AND MAPPING OF 
SAFETY BENEFITS OF SHOULDER PAVING  
 
 The procedure discussed in Section 3.4 for shoulder paving prioritization was applied to 
the 2000-2006 data on 7,968 untreated highway segments, representing 1,983 miles of the 
Illinois DOT maintained state highway network. Table 5.2 presents details of the dataset. The 
following sections discuss computation of PSIs and costs of shoulder paving for individual 
highway segments, network-level shoulder paving prioritization, and creation of GIS maps to 
display the analysis results.  
 
6.1 ESTIMATION OF PSIS OF SHOULDER PAVING FOR INDIVIDUAL HIGHWAY 
SEGMENTS 
 
6.1.1 Ranges of Shoulder-Related Crash Frequencies before Shoulder Paving  
 For untreated highway segments, information on field observed fatal, injury (A, B, C), 
and PDO crashes per year in 2000-2006 was directly available from the processed dataset. The 
calibrated SPFs were used to establish crash predictions per year for the same period. Then, 
the EB-adjusted fatal, injury, and PDO crashes were computed as the weighted sum of 
observed and predicted crashes per segment per year. Table 6.1 lists shoulder-related crashes 
out of total crashes by highway class and crash severity category. These values were used to 
establish shoulder-related crashes based on EB-adjusted crash frequencies.  
 
Table 6.1. Ranges of Shoulder-Related Crashes Out of Total Crashes  
Highway Class 
Ranges of Shoulder-Related Crashes 
Minimum Range Maximum Range
Fatal Injury PDO Total All  
Rural 
Interstate 0% 1% 2% 3% 48% 
Multilane 0% 0% 1% 1% 25% 
Two-lane  0% 1% 1% 2% 30% 
Urban 
Interstate 0% 2% 6% 8% 18% 
Multilane 0% 1% 5% 6% 34% 
Two-lane  0% 0% 1% 2% 28% 
 
6.1.2 Effective Widths Proposed for Shoulder Paving, Widening, and Adding Treatments 
 Tables 6.2(a) and (b) present effective paved shoulder widths proposed for reducing 
shoulder-related crashes by highway class and crash severity category in reference to the 
findings summarized in Table 5.25. Depending upon the existing paved shoulder width of a 
given highway segment, multiple shoulder paving options including paving the existing paved 
shoulder, widening the existing paved shoulder, and adding a new paved shoulder may be 
applicable to effectively reduce shoulder-related fatal, injury, and PDO crashes. For instance, for 
a rural two-lane highway segment with a 4ft wide existing paved shoulder, proposed shoulder 
treatments include repaving the 4ft wide paved shoulder and widening the paved shoulder from 
4ft to 8ft. In this case, two sets of PSIs for the highway segment in terms of reductions in 
shoulder-related fatal, injury, and PDO crashes could be established in accordance with 
percentage crash reductions expected from the shoulder paving and widening treatment 
options, respectively. By applying unit rates of fatal, injury (A, B, C), and PDO crashes, the 
amounts of overall dollar benefits for the two shoulder paving options could then be computed. 
As a practical matter, the shoulder paving option that yields a higher amount of overall dollar 
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benefits is proposed. The PSIs corresponding to the proposed shoulder paving option is used 
for network-level shoulder paving prioritization.   
 
Table 6.2(a). Proposed Paved Shoulder Widths for Reducing Shoulder-Related Crashes                 
on Rural Highways (Standard Deviations in Brackets) 
Highway 
Class 
Existing 
Paved Width 
(ft) 
Shoulder Paving Option % Shoulder-Related Crash 
Reductions 
Categor
y 
Paved Width 
after Treatment 
(ft) 
Fatal Injury PDO 
Interstat
e 
4 Paving 4 6% 
(1%) 
5% 
(0.1%) 
20%
(1%)
 Widenin
g 
8 -6% 
(9%) 
2% 
(0.1%) 
33%
(8%)
6 Paving 6 5% 
(0.4%) 
2% 
(0.1%) 
27%
(4%)
 Widenin
g 
8 -3% 
(4%) 
8% 
(1%) 
19%
(3%)
≥8 Paving ≥8 3% 
(0.3%) 
6% 
(1%) 
36%
(8%)
Multilane 0 Adding 4 2% 
(0.2%) 
5% 
(4%) 
23%
(4%)
 Adding 6 5% 
(1%) 
2% 
(0.1%) 
21%
(4%)
≤4 Paving ≤4 19% 
(4%) 
3% 
(8%) 
20%
(4%)
6 Paving 6 20% 
(4%) 
1% 
(0.1%) 
19%
(1%)
≥8 Paving ≥8 22% 
(5%) 
0% 
(0%) 
18%
(0.2%)
Two-
lane 
0 Adding 6 -8% 
(10%) 
5% 
(0.3%) 
25%
(2%)
 Adding 8 -11% 
(13%) 
8% 
(1%) 
43%
(3%)
≤4 Paving ≤4 1% 
(0.04%) 
4% 
(3%) 
10%
(0.4%)
 Widenin
g 
8 -7% 
(13%) 
7% 
(0.3%) 
41%
(1%)
6 Paving 6 -1% 
(2%) 
6% 
(1%) 
21%
(2%)
Widenin
g 
8 -4% 
(6%) 
3% 
(0.1%) 
18%
(1%)
8 Paving 8 -2% 
(3%) 
8% 
(1%) 
30%
(2%)
>8 Paving >8 -10% 
(11%) 
6% 
(0.2%) 
7%
(1%)
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Table 6.2(b). Proposed Paved Shoulder Widths for Reducing Shoulder-Related Crashes                 
on Urban Highways (Standard Deviations in Brackets) 
Highway 
Class 
Existing 
Paved Width 
(ft) 
Shoulder Paving Option % Shoulder-Related Crash 
Reductions 
Categor
y 
Paved Width 
after Treatment 
(ft) 
Fatal Injury PDO 
Interstat
e 
4 Paving 4 1% 
(0.2%) 
3% 
(2%) 
27%
(3%)
 Widenin
g 
6 1% 
(0.1%) 
4% 
(1%) 
2%
(0.2%)
6 Paving 6 2% 
(0.1%) 
5% 
(0.03%) 
28%
(3%)
≥8 Paving ≥8 2% 
(0.1%) 
5% 
(3%) 
16%
(2%)
Multilane 0 Widenin
g 
6 17% 
(3%) 
0% 
(0%) 
0%
(0.2%)
≤4 Paving ≤4 7% 
(1%) 
5% 
(0.4%) 
10%
(2%)
6 Paving 6 12% 
(2%) 
4% 
(0.3%) 
8%
(6%)
≥8 Paving ≥8 15% 
(3%) 
1% 
(0.1%) 
5%
(2%)
Two-
lane 
0 Widenin
g 
6 -9% 
(12%) 
7% 
(0.4%) 
20%
(4%)
 Widenin
g 
8 -11% 
(11%) 
37% 
(6%) 
23%
(5%)
≤4 Paving ≤4 2% 
(0.1%) 
4% 
(4%) 
6%
(3%)
 Widenin
g 
8 -4% 
(5%) 
35% 
(3%) 
13%
(2%)
6 Paving 6 2% 
(0.1%) 
5% 
(4%) 
9%
(2%)
 Widenin
g 
8 -2% 
(2%) 
31% 
(2%) 
3%
(0.2%)
8 Paving 8 1% 
(0.1%) 
12% 
(11%) 
10%
(1%)
>8 Paving >8 2% 
(0.2%) 
28% 
(2%) 
11%
(0.2%)
 
6.1.3 Crash Unit Rates and Equivalency Factors  
 Having established PSIs as the shoulder-related fatal, injury, and PDO crash reductions 
for each highway segment, these benefits were further expressed in two ways. The first 
expression was to establish the amount of overall dollar benefits by applying unit rates of fatal, 
injury (A, B, C), and PDO crashes. In current study, the unit rates proposed in Highway Safety 
Manual were used (TRB, 2010). The second expression was to only consider fatal and Type A 
and B injury portions of the total PSIs for each highway segment. Then, the reductions in 
equivalent Type B injury crashes (EIB) were established for the highway segment by applying 
the Type B injury crash equivalency factors for fatal and Type A injury crashes, respectively. 
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The Type B injury equivalency factors for fatal and Type A injury crashes used for the 
computation were consistent with current practice of the Illinois DOT, as shown in Table 6.3. 
The overall dollar benefits and EIB benefits that could be generated from the shoulder paving 
option proposed for the highway segment were separately used in the optimization model for 
shoulder paving prioritization. 
 
Table 6.3. Unit Rates and Type B Injury Equivalency Factors Used for                             
Establishing Single-Valued Shoulder Paving Benefits  
Crash Severity 
Category 
Unit Rate ($) Equivalency 
Factor 
Fatal 4,008,900 25 
Type A injury 216,000 10 
Type B injury  79,000 1 
Type C injury  44,900 N/A 
PDO  7,400 N/A 
 
 
6.2 CALCULATION OF COSTS OF SHOULDER PAVING FOR INDIVIDUAL HIGHWAY 
SEGMENTS 
 
 For each untreated highway segment, hot-mix asphalt materials were assumed to be 
used for paving, widening or adding outside paved shoulders on both sides of the highway 
segment. If paving the existing paved shoulder is proposed for the highway segment, the full 
width of the existing paved shoulder is assumed to be repaved. If widening the existing paved 
shoulder is chosen for shoulder treatment, the widened portion of the paved shoulder width is 
counted towards cost estimation. If adding a new shoulder is selected for shoulder treatment, 
the entire width of the newly added paved shoulder is considered for cost calculation. 
Subsequently, the total shoulder paving area associated with a specific should treatment option 
for the highway segment was calculated using information on the net width of shoulder paving 
considered and the segment length. In addition, shoulder paving is assumed to be the same on 
both sides of the roadway. The total cost of a shoulder paving option proposed for the highway 
segment was calculated according to the total shoulder paving area in square feet and the unit 
cost of 39 dollars per square yard for hot-mix asphalt shoulders provided by the Illinois DOT.  
 
6.3 PRIORITIZATION OF SHOULDER PAVING  
 
6.3.1 Network-Level Shoulder Paving Prioritization Results 
 For the current study, the two sets of PSIs in dollar and EIB values for individual highway 
segments were separately used for network-level shoulder paving prioritization. The 
optimization model introduced in Section 3.4.4 was applied to find the best sub-collection of 
untreated highway segments to receive paving, widening, and adding paved shoulder 
treatments under various constraints. The primary constraint was to select a certain percentage 
of total mileage (1,983 miles) of all untreated highway segments for shoulder paving because of 
budget limitations. The Frontline Solver as a Microsoft Excel add-on was used to generate 
optimization solutions. 
 To examine sensitivities in the changes of overall benefits that could be achieved from 
the untreated highway segments selected for shoulder paving, the fraction of total mileage was 
gradually increased from 5 percent to 40 percent, namely, the total mileage constraint was 
increased from approximately 99 miles to 793 miles. Tables 6.4 and 6.5 present total number 
and miles of untreated segments selected for shoulder paving . Information is also provided on 
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the matching of shoulder paving prioritization results obtained in accordance with the two sets of 
safety benefits (dollar versus EIB).   
  
Table 6.4. Matching in Number of Segments Selected for Shoulder Paving                                      
Using Two Sets of Safety Benefits 
Highway Class Benefits 
 No. of 
Segment
s 
Percent of Total Mileage Selected  All  
Match5% 10% 15% 20% 25% 30% 35% 40%
Rural Interstat
e 
  
  
Dollars 897 74 107 139 170 198 230 263 304  
EIB    35 61 91 112 138 167 193 225  
Match 
  
17 36 52 67 79 99 121 142 17
Multilane 
  
  
Dollars 765 329 384 412 439 462 487 462 487
EIB   243 318 365 390 419 445 419 445
Match  243 318 365 390 419 445 419 445 243
Two-
Lane 
Dollars 1,248 2 3 3 4 7 10 12 15  
 EIB    31 52 66 77 89 100 112 129  
 Match   2 3 3 4 6 10 12 14 2
Urba
n 
Interstat
e 
  
  
Dollars 816 257 423 518 582 615 648 685 700  
EIB    152 266 354 445 511 559 609 647  
Match 
  
132 247 336 432 502 550 607 646 132
Multilane 
  
  
Dollars 2,514 245 512 773 1,023 1,257 1,428 1,257 1,428
EIB   220 397 597 768 967 1,157 967 1,157
Match  131 280 480 664 889 1,106 889 1,106 131
Two-
Lane 
Dollars 1,728 170 302 400 484 579 676 788 902  
EIB   161 260 327 395 461 514 577 641  
 Match  101 190 252 323 402 475 549 635 101
Total 
7,968 1,077 1,731 2,245 2,702 3,118 3,479 3,855 4,166  
 842 1,354 1,800 2,187 2,585 2,942 3,303 3,633  
 626 1,074 1,488 1,880 2,297 2,685 3,065 3,415 626
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Table 6.5. Matching in Miles of Segments Selected for Shoulder Paving                                          
Using Two Sets of Safety Benefits 
Highway Class Benefits 
 No. of 
Segment
s 
Percent of Total Mileage Selected  All  
Match5% 10% 15% 20% 25% 30% 35% 40%
Rural Interstat
e 
  
  
Dollars 432 4 8 16 24 31 40 55 72  
EIB    6 11 23 35 50 68 85 110  
Match   1 3 9 15 18 26 38 48 1
Multilane 
  
  
Dollars 158 38 55 65 74 86 101 109 115
EIB  24 36 49 56 67 77 91 100
Match 24 36 49 56 67 77 91 100 24
Two-
Lane 
Dollars 583 0 0 0 1 3 5 6 10  
 EIB    3 9 16 21 31 43 49 70  
 Match   0 0 0 1 1 5 6 9 0
Urba
n 
Interstat
e 
  
  
Dollars 180 32 67 96 118 130 139 152 159  
EIB    24 48 69 94 110 122 136 145  
Match   20 42 63 89 107 118 134 144 20
Multilane 
  
  
Dollars 375 14 46 85 127 175 220 258 291
EIB  23 55 89 123 160 198 233 258
Match 9 30 59 93 134 179 216 253 9
Two-
Lane 
Dollars 255 10 23 36 52 71 91 114 145  
EIB   19 38 53 67 78 86 100 110  
 Match  8 18 27 41 57 73 88 108 8
Total 
1,984 99 198 298 397 496 595 694 793  
 99 198 298 397 496 595 694 793  
 62 130 207 295 384 478 573 661 62
 
 Figures 6.1-6.3 illustrate the overall annual benefits, costs, and benefit-to-cost ratios 
achieved from the untreated highways segments selected for shoulder paving with total mileage 
of selected segments increasing from 5 percent to 40 percent. The annual benefits resulted 
from shoulder paving for 5 percent of the total mileage is approximately 16 million dollars, while 
the benefits increase to nearly 33 million dollars for 40 percent of the total mileage.  
 Assuming that a paved hot-mix asphalt shoulder could last for 10 years and a 3 percent 
discount rate, the annualized costs will be factored down from the total costs by an order of 
magnitude of 8.5. The corresponding annualized costs are 3.4 million dollars for treating 5 
percent of the total mileage and 26 million dollars for treating 40 percent of the total mileage. 
This yields a benefit-to-cost ratio of 4.7 for selecting 5 percent of the total mileage and 1.3 for 
choosing 40 percent of the total mileage, respectively. The reduced benefit-to-cost ratios reveal 
a diseconomy of scale with a diminishing return on investments.   
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Figure 6.1. Annual Benefits and Costs of Shoulder Paving by Increasing Paved Mileage from 5 
to 40 Percent 
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Figure 6.2. Annual EIB Benefits and Costs of Shoulder Paving by Increasing Paved Mileage 
from 5 to 40 Percent 
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Figure 6.3  
 
 
 
 
6.3.2 Discussions  
 The dollar-valued benefits converted from overall PSIs for untreated highway segments 
represent the overall safety benefits in terms of fatal, injury (A, B, C), and PDO crash reductions 
that could be achieved from shoulder paving. The EIB-valued benefits for individual segments 
represent safety benefits resulted from severe crash (fatal, injury A and B) reductions from 
shoulder paving. Tables 6.4 and 6.5 reveal that a higher number of highway segments in urban 
area are selected for shoulder paving as compared to the number of highway segments in rural 
area, with the exception of rural multilane highways. This finding may be explained by the fact 
that heavier traffic volumes on urban highways tend to be correlated with higher shoulder-
related crash frequencies. A higher number of shoulder-related crashes may be reduced from 
shoulder paving for those highways. With respect to the selection of a relatively high proportion 
of rural multilane highways for shoulder paving, it may be attributable to the relatively high 
effectiveness of shoulder paving for those highways. One unique observation is that very few 
rural two-lane highways segments were selected for shoulder paving. This finding is not 
unexpected. The relatively low traffic volumes on two-lane highways are associated with low 
total and shoulder-related crash frequencies. In the meantime, shoulder paving is most effective 
in reducing shoulder-related PDO crashes on rural-two lane highways. The low crash 
frequencies before shoulder paving treatment, coupled by low impacts on shoulder-related fatal 
and injury crash reductions, would generally result in low shoulder paving benefits.           
 In viewing Figures 6.1 and 6.2, both curves present a diminishing rate of returns in 
safety improvements from shoulder paving by increasing shoulder paving mileage from 5 
percent to 40 percent of the total mileage. This reveals that further increasing the shoulder 
paving mileage from 40 percent is not likely to gain the same rate of safety benefits in reduction 
fatal and type A and B injury crashes. The additional benefits will predominantly come from 
reductions in Type C injury and PDO crashes.          
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6.4 MAPPING OF COMPUTATION AND PRIORITIZATION RESULT    
 
6.4.1 Mapping of PSIs for Individual Highway Segments 
 Various GIS maps were created using the PSIs expressed in dollar and EIB values, 
respectively. These maps are documented in a file folder accompanying this report that could be 
viewed using ArcGIS tools. The users could query PSI mapping for the entire state highway 
network, by district or by highway functional class for each year of 2000-2006.  
 
6.4.2 Mapping of Highway Segments Prioritized for Shoulder Paving 
 A number of GIS maps were created based on shoulder paving prioritization results 
obtained using the PSIs expressed in dollar and EIB values, respectively. Similar to the PSI 
mapping, the users could query the mapping of segments selected for shoulder paving for the 
entire state highway network, by district or by highway functional class. When viewing the 
highway segments selected for shoulder paving, the users could identify whether paving, 
widening or adding a paved shoulder is proposed for the highway segment according to the 
legend provided. Figures 6.4-6.12 show highway segments consistently selected for shoulder 
paving by Illinois DOT District, irrespective of dollar benefits or EIB benefits for individual 
highway segments and despite the total mileage increase from 5 to 40 percent. Appendices A 
and B provide a detailed list of rural and urban highway segments consistently selected for 
shoulder paving by Illinois DOT District, respectively.   
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Figure 6.4. Highway Segments Consistently Selected for Shoulder Paving Using Dollar Benefits 
or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 1  
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Figure 6.5. Highway Segments Consistently Selected for Shoulder Paving Using Dollar Benefits 
or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 2  
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Figure 6.6. Highway Segments Consistently Selected for Shoulder Paving Using Dollar Benefits 
or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 3  
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Figure 6.7. Highway Segments Consistently Selected for Shoulder Paving Using Dollar Benefits 
or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 4  
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Figure 6.8. Highway Segments Consistently Selected for Shoulder Paving Using Dollar Benefits 
or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 5  
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Figure 6.9. Highway Segments Consistently Selected for Shoulder Paving Using Dollar Benefits 
or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 6  
150 
 
 
 
Figure 6.10. Highway Segments Consistently Selected for Shoulder Paving Using Dollar 
Benefits or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 7  
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Figure 6.11. Highway Segments Consistently Selected for Shoulder Paving Using Dollar 
Benefits or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 8  
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Figure 6.12. Highway Segments Consistently Selected for Shoulder Paving Using Dollar 
Benefits or EIB Benefits by Increasing Paved Mileage from 5 to 40 Percent- District 9  
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CHAPTER 7  SUMMARY AND CONCLUSION  
 
7.1 SUMMARY OF THE STUDY  
 This study consisted of an in-depth investigation into safety impacts of highway shoulder 
attributes in Illinois. The study began with a review of existing research on safety impacts of 
shoulder paving and a national survey of state traffic safety engineers. Preliminary data analysis 
was performed to establish the correlation between shoulder-related crashes by type and 
severity category and shoulder attributes such as shoulder material type and outside paved 
shoulder width. A specific analysis strategy was developed for assessing safety impacts of 
paving, widening, and adding paved shoulders and prioritizing highway segments for shoulder 
paving to achieve maximized safety improvement benefits under constraints of total paved 
mileage and integrality of decision variables. In particular, the analysis strategy consists of the 
following key components: the EB analysis approach and cross-section analysis approach for 
estimating the safety impacts of shoulder paving, an optimization model for network-level 
shoulder paving prioritization, and GIS mapping to visualize PSIs for individual highway 
segments and  highway segments selected for shoulder paving. Data on Illinois state-
maintained highways for period 2000-2006 were used to apply the individual analytical 
components. The following points summarize the conclusions drawn: 
  The literature review has revealed that adding outside paved shoulders up to no more 
than 8ft could reduce shoulder-related crashes with considerably large variations. 
However, an outside paved shoulder width that goes beyond 8ft may increase shoulder-
related crashes, especially severe crashes. Several studies also suggested that 
shoulder paving is more beneficial for high volume roads. The current study further 
confirmed some findings of existing studies.  
  The preliminary data analysis has helped establish characteristics of highway shoulder 
attributes in aspects of presence/absence and width of paved shoulders, appropriate 
referencing groups, frequencies and characteristics of shoulder-related crashes, and 
correlation of such crashes with shoulder characteristics.  
   Although more complex and data driven, the EB analysis approach appears to be 
superior in producing more reliable results as compared to the cross-sectional analysis 
approach. One statistical rigor of the EB analysis lies in its ability to eliminate regression-
to-mean bias inherited with the cross-sectional analysis.  
  Shoulder paving is most effective for multilane highways, followed by two-lane and 
Interstate highways. Shoulder paving is effective for paving and widening the existing 
shoulders of rural Interstate highways and for paving the existing paved shoulders of 
multilane highways with per lane daily traffic not exceeding 10,000. It is effective for 
paving and widening the existing paved shoulders of urban Interstate highways, for 
adding shoulders of multilane highways, and for paving, widening, and adding new 
paved shoulders of two-lane highways with per lane daily traffic within 5,000-10,000.  
  Shoulder paving is more effective in reducing shoulder-related injury and PDO crashes 
than shoulder-related fatal crashes. Maintaining an 8ft paved shoulder after paving or 
widening is most effective for rural Interstate highways. Preserving a 6ft paved shoulder 
after paving or widening is most desirable for urban Interstate highways. Retaining a 4ft 
or 6ft paved width after the paving or adding treatment appears to be more desirable for 
both rural and urban multilane highways. The more effective shoulder treatments for 
rural two-lane highways are paving, widening, and adding paved shoulders up to 8ft 
wide. The desirable shoulder treatments for urban two-lane highways are paving 8ft, 
widening from 4ft to 8ft, and adding 6ft or 8ft wide paved shoulders. No clear pattern in 
terms of increase in shoulder-related crashes was identified among lane widths of 11ft, 
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12ft, and 13ft for equal combined lane and outside paved shoulder widths ranging from 
12ft to 24ft.  
  The average (and standard deviation) of percentage reductions in shoulder-related 
crashes associated with effective widths of paving, widening, and adding paved 
shoulders are summarized as follows: 
    
Shoulder 
Paving 
Category 
 Fatal Injury PDO 
Rural Interstate Paving for all 
widths 
3-6% 
(0.3-7%) 
2-6% 
(0.1-4%) 
20-36% 
(0.5-8%) 
Widening from 4, 
6ft, to 8ft 
-6 to -3% 
(4-9%) 
2-8% 
(0.1-1%) 
19-33% 
(3-8%) 
 
Rural multilane Paving for all 
widths 
19-22% 
(4-5%) 
0-3% 
(0-8%) 
18-20% 
(0.2-4%) 
Adding 4ft or 6ft 2-5% 
(0.2-1%) 
2-5% 
(0.1-4%) 
21-23% 
(4%) 
Rural two-lane Paving for all 
widths 
-10-1% 
(0.04-11%) 
4-8%   
(0.2-8%) 
7-30% 
(0.4-2%) 
Widening from 4, 
6ft to 8ft 
-7 to -4% 
(6-13%) 
3-7% 
(0.1-0.3%) 
18-41% 
(0.9-1.4%) 
Adding 6ft or 8ft -11 to -8% 
(10-13%) 
5-8% 
(0.3-1%) 
25-43% 
(2-3%) 
Urban Interstate Paving for all 
widths 
1-2%  
 (0.1-0.3%) 
2-5% 
(0.03-3%) 
16-28%  
(2-3%) 
Widening from 
4ft to 6ft 
1% 
(0.1%)  
4% 
(1%)  
2% 
(0.2%) 
Urban multilane Paving for all 
widths 
7-15%   
(0.1-3%) 
1-5%  
 (0.1-2%) 
5-10% 
(0-6%) 
Adding 4ft or 6ft 7-17%  
(1-3%)  
0-2% 
(0-0.1%) 
0-3% 
(0.1-0.2%) 
Urban two-lane Paving for all 
widths 
1-3%  
 (0-0.2%) 
4-28% 
(2-11%) 
6-11% 
(0.2-5%) 
Widening from 4, 
6ft to 8ft 
-4 to -2% 
(2-5%)  
31-35% 
(2-3%)  
3-13% 
(0.2-2%) 
Adding 6ft or 8ft -11 to -9% 
(11-12%)  
 
7-37%  
(0.4-6%)  
20-23% 
(4-5%) 
 
 
  The optimization model for prioritizing highway segments for shoulder paving was readily 
implemented. The overall benefits achieved from highway segments selected for 
shoulder paving with increasing total paved mileage have shown a diminishing rate of 
returns in safety improvements. The heavier traffic volumes on Interstate and multilane 
highways particularly in urban area are correlated with higher shoulder-related crash 
frequencies. A higher number of crash reductions may be achievable from shoulder 
paving for those highways. 
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7.2 IMPLEMENTATION ISSUES 
 
7.2.1 Research Products 
 The products of this research are as follows: 
  Calibrated SPFs for predicting fatal, injury, and PDO crashes for rural and urban 
Interstate, multilane, and two-lane highway segments. 
  An analytical procedure comprised of i) an EB analysis approach and a cross-sectional 
approach to quantify safety impacts of shoulder paving; ii) an optimization model for 
network-level shoulder paving prioritization; and iii) a GIS mapping component that 
facilitates visualizing the shoulder paving prioritization results. 
  The shoulder-related crash reduction factors related to paving, widening, and adding 
paved shoulders for rural and urban Interstate, multilane, and two-lane highways. 
 
7.2.2 How to Use the Shoulder-Related Crash Reduction Factors  
 The research product that could be of direct use by the Illinois DOT is the set of 
shoulder-related crash reduction factors developed from this study for design manual updating. 
Safety improvement benefits of shoulder paving for a specific highway segment is determined 
by three key factors: i) EB-adjusted fatal, injury, and PDO crashes (derived as weighted sum of 
field observed and SPF predicted crashes); ii) the proportion of shoulder-related fatal, injury, 
and PDO crashes; and iii) shoulder-related crash reduction factors. Hence, the true benefits of 
shoulder paving for a highway segment is highly location specific. For instance, if a highway 
segment is associated relatively high injury crashes, a low proportion of shoulder-related injury 
crashes, and a low crash reduction factor for a given shoulder paving treatment, the safety 
benefits in terms of shoulder-related injury crash reductions could be very low. However, if the 
shoulder-related injury crash proportion and crash reduction factor are high, the safety benefits 
could be high as well.  
 In this respect, historical records of fatal, injury, and PDO crashes and the proportion of 
shoulder-related crashes for the highway segment under shoulder paving consideration need to 
be obtained and carefully assessed. Depending upon the existing paved shoulder width of the 
highway segment, multiple shoulder paving options including paving the existing paved 
shoulder, widening the existing paved shoulder, and adding a new paved shoulder may be 
applicable. Each option should be tested and the most cost-effective option should be 
recommended as the basis of shoulder paving decision-making. This study found that for two-
lane highways widening the existing paved shoulder and adding a new paved shoulder could 
reduce shoulder-related injury and PDO crashes, but it has a tendency to increase shoulder-
related fatal crashes. The combined effect may result in negative overall benefits for all shoulder 
paving options. In this case, no shoulder paving treatment should be proposed for the highway 
segment. With proper implementation of shoulder-related crash reduction factors, it will help 
achieve maximized safety improvement benefits from shoulder paving in Illinois.   
 
7.3 FUTURE RESEARCH DIRECTIONS 
 The application of the EB approach in the current study utilized SPFs developed using 
Illinois data. One major limitation is that the dataset does not include some important geometric 
design variables such as horizontal and vertical curvature of roadway segments and information 
on shoulder drop-offs and roadside hazards that affect roadway safety performance. This may 
reduce the prediction power of the calibrated SPFs.  
 Although the results generated from EB analysis are more reliable than those from the 
cross-sectional analysis, the dataset used for the EB analysis is quite small. In this respect, the 
users should simultaneously consider both the average and standard deviation of percentage 
reductions in shoulder-related crashes when conducting a safety impacts analysis of shoulder 
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paving. In addition, the users are cautioned to make inferences to safety impacts of shoulder 
paving for all Illinois state highways based on findings derived from a small sample dataset.  
 At present, crashes are reported by different enforcement agencies in Illinois in different 
ways and there are inconsistency issues with getting crash information into the crash 
databases. A follow-up study may be desirable to look at what crashes were in the before and 
after periods for data collection. Furthermore, the present study can be refined over time when a 
larger dataset becomes available.             
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Appendix A. Rural Highway Segments Prioritized for Shoulder Treatments 
Segme
nt 
Dis
t 
Count
y 
Roa
d 
Station Lengt
h 
(Mile)
Traffic 
Volume 
Shoulder 
Treatme
nt 
Annual Benefits Project 
Costs 
(2010 $)Begi
n 
End  AADT Year Eq. Injury 
B 
2010 $ 
1 
1 16 I294 
21.5
7 
21.6
1 
0.04 
 
130,50
0 
200
5 Paving 0.05 
   
5,274  
   
14,643  
2 
1 99 I80 
10.5
9 
10.6
1 
0.02  
64,000 
200
5 Paving 0.28 
  
11,25
2  
   
7,322  
3 
1 99 I80 
11.1
6 
11.1
8 
0.02  
94,000 
200
5 Paving 0.20 
  
11,53
2  
   
7,322  
4 
1 49 I94 
24.3
1 
24.3
3 
0.02 
 
156,20
0 
200
5 Paving 0.34 
  
12,98
3  
   
7,322  
5 
1 16 I94 
49.4
7 
49.5
7 
0.10  
54,300 
200
5 Paving 0.09 
  
19,82
2  
   
36,608  
6 
1 56 
S12
0 
14.0
4 
14.1
0 
0.06  
19,900 
200
5 Adding 0.08 
  
13,27
2  
   
10,982  
7 
1 56 
S12
0 
15.0
7 
15.1
9 
0.12  
19,900 
200
5 
Widenin
g 0.12 
  
19,33
3  
   
21,965  
8 
1 56 
S12
0 
16.3
2 
16.6
0 
0.28  
24,000 
200
5 
Widenin
g 0.41 
  
53,82
9  
   
51,251  
9 
1 49 
S13
2 7.06 7.13 
0.07  
35,100 
200
5 Paving 0.16 
  
18,82
2  
   
12,813  
10 
1 49 
S13
2 7.41 7.46 
0.05  
35,100 
200
5 Paving 0.14 
  
18,65
1  
   
9,152  
11 
1 49 
S13
2 7.55 7.61 
0.06  
35,100 
200
5 Paving 0.08 
  
13,58
2  
   
10,982  
12 
1 49 
S13
2 7.99 8.07 
0.08  
34,500 
200
5 Paving 0.14 
  
22,58
2  
   
14,643  
13 
1 49 
S13
2 9.43 9.50 
0.07  
46,900 
200
5 Adding 0.16 
  
23,89
7  
   
12,813  
14 
1 49 
S13
2 9.50 9.58 
0.08  
46,900 
200
5 Adding 0.08 
  
12,35
2  
   
14,643  
15 
1 49 
S13
2 9.62 9.66 0.04 
 
46,900 
200
5 Paving 0.12 
  
18,82
   
7,322  
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4  
16 
1 49 
S13
2 9.66 9.69 
0.03  
46,900 
200
5 Paving 0.16 
  
25,65
2  
   
5,491  
17 
1 49 
S13
2 9.69 9.97 
0.28  
46,900 
200
5 Paving 0.29 
  
34,26
8  
   
51,251  
18 
1 49 
S13
2 9.97 
10.0
3 
0.06  
27,800 
200
5 Paving 0.20 
  
32,79
4  
   
10,982  
19 
1 49 
S13
2 
10.3
5 
10.4
3 
0.08  
27,800 
200
5 Paving 0.22 
  
34,10
5  
   
14,643  
20 
1 49 
S13
7 
16.3
1 
16.3
4 0.03 
 
27,500 
200
5 Adding 0.04 
   
5,567  
   
5,491  
21 
1 49 
S13
7 
16.3
4 
16.3
8 
0.04  
27,500 
200
5 Adding 0.23 
  
38,02
5  
   
7,322  
22 
1 49 
S13
7 
19.1
0 
19.1
6 
0.06  
27,100 
200
5 Adding 0.09 
  
13,66
1  
   
10,982  
23 
1 49 
S13
7 
19.6
7 
19.7
3 
0.06  
31,500 
200
5 Paving 0.47 
  
76,89
2  
   
10,982  
24 
1 49 
S13
7 
19.7
3 
19.8
0 
0.07  
31,500 
200
5 Paving 0.10 
  
14,22
9  
   
12,813  
25 
1 49 
S13
7 
20.2
9 
20.4
1 
0.12  
31,500 
200
5 Paving 0.29 
  
38,58
3  
   
21,965  
26 
1 49 
S13
7 
20.5
8 
20.6
6 
0.08  
21,000 
200
5 Paving 0.09 
  
14,79
0  
   
14,643  
27 
1 49 
S13
7 
20.6
6 
20.7
0 
0.04  
21,000 
200
5 Paving 0.09 
  
14,27
3  
   
7,322  
28 
1 49 
S13
7 
20.7
0 
20.7
3 
0.03  
21,000 
200
5 Paving 0.10 
  
16,84
7  
   
5,491  
29 
1 49 
S13
7 
21.2
0 
21.2
5 
0.05  
21,000 
200
5 Paving 0.19 
  
31,40
5  
   
9,152  
30 
1 16 
S17
1 9.43 9.50 0.07 
 
34,900 
200
5 
Widenin
g 0.06 
   
9,512  
   
12,813  
31 
1 16 S21 3.99 4.10 
0.11  
39,000 
200
5 Adding 0.09 
  
14,59
4  
   
20,134  
32 
1 49 S22 
16.5
0 
16.5
4 
0.04  
19,100 
200
5 Adding 0.25 
  
40,85
1  
   
7,322  
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33 
1 45 S25 4.31 4.35 
0.04  
20,200 
200
5 Adding 0.12 
  
18,81
9  
   
7,322  
34 
1 45 S25 5.65 5.66 0.01 
 
20,200 
200
5 Adding 0.02 
   
2,787  
   
1,830  
35 
1 99 
S39
4 6.73 6.76 0.03 
 
11,200 
200
5 Paving 0.03 
   
5,889  
   
50,031  
36 
1 16 S43 0.51 0.60 
0.09  
24,300 
200
5 
Widenin
g 0.25 
  
39,98
8  
   
16,474  
37 
1 16 S43 0.63 0.79 
0.16  
24,300 
200
5 Adding 0.31 
  
51,40
4  
   
29,286  
38 
1 16 S43 2.47 2.59 
0.12  
24,500 
200
5 Adding 0.11 
  
18,08
7  
   
21,965  
39 
1 16 S43 2.89 3.16 
0.27  
24,500 
200
5 Adding 0.29 
  
49,56
4  
   
49,421  
40 
1 16 S43 
35.8
9 
36.0
1 
0.12  
40,000 
200
5 Adding 0.22 
  
36,96
7  
   
21,965  
41 
1 99 S53 
10.0
8 
10.2
7 
0.19  
7,000 
200
5 
Widenin
g 0.19 
  
31,35
6  
   
34,778  
42 
1 99 S53 
13.2
3 
13.3
3 
0.10  
7,000 
200
5 
Widenin
g 0.18 
  
29,17
0  
   
18,304  
43 
1 45 S56 9.83 9.94 
0.11  
18,200 
200
5 Paving 0.11 
  
16,72
5  
   
20,134  
44 
1 16 S58 
20.6
7 
20.7
4 
0.07  
35,100 
200
5 Paving 0.19 
  
19,40
4  
   
12,813  
45 
1 16 S58 
20.7
5 
20.7
9 0.04 
 
38,400 
200
5 Paving 0.06 
   
9,217  
   
7,322  
46 
1 22 S59 
15.1
4 
15.1
8 0.04 
 
51,100 
200
5 Adding 0.05 
   
8,152  
   
7,322  
47 
1 22 S59 
15.5
7 
15.6
5 
0.08  
51,100 
200
5 Adding 0.14 
  
23,19
1  
   
14,643  
48 
1 22 S59 
15.9
0 
15.9
4 
0.04  
51,100 
200
5 Adding 0.08 
  
13,44
0  
   
7,322  
49 
1 49 S60 
14.2
4 
14.2
7 
0.03  
39,000 
200
5 Paving 0.08 
  
12,94
4  
   
5,491  
50 
1 49 S60 
15.9
4 
16.0
4 
0.10  
45,500 
200
5 Adding 0.11 
  
19,02
0  
   
18,304  
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Segme
nt 
Dis
t 
Count
y 
Roa
d 
Station Lengt
h 
(Mile)
Traffic 
Volume 
Shoulder 
Treatme
nt 
Annual Benefits Project 
Costs 
(2010 $)Begi
n 
End  AADT Year Eq. Injury 
B 
2010 $ 
51 1 16 S68 9.98 
10.1
4 
0.16  
29,700 
200
5 Adding 0.23 
  
36,15
7  
   
29,286  
52 1 16 S68 
17.0
2 
17.0
4 0.02 
 
28,200 
200
5 Adding 0.05 
   
8,958  
   
3,661  
53 1 99 S7 7.17 7.26 
0.09  
25,600 
200
5 
Widenin
g 0.10 
  
15,70
5  
   
16,474  
54 1 16 S83 
12.8
1 
12.9
4 
0.13  
38,000 
200
6 Adding 0.12 
  
17,71
3  
   
23,795  
55 1 16 S83 
12.9
4 
12.9
8 
0.04  
38,000 
200
6 Adding 0.08 
  
12,98
2  
   
7,322  
56 1 16 S83 
13.3
4 
13.4
3 
0.09  
39,400 
200
6 Adding 0.11 
  
18,12
4  
   
16,474  
57 1 16 S83 
13.5
7 
13.8
1 
0.24  
39,400 
200
6 Adding 0.27 
  
36,07
1  
   
43,930  
58 1 16 S83 
13.8
2 
13.8
7 
0.05  
39,400 
200
6 Adding 0.11 
  
14,66
4  
   
9,152  
59 1 16 S83 
23.1
3 
23.1
4 0.01 
 
17,800 
200
6 Paving 0.21 
   
1,728  
   
3,661  
60 1 49 U12 
10.0
1 
10.0
5 
0.04  
35,000 
200
5 Paving 0.20 
  
33,55
1  
   
7,322  
61 1 16 U12 
10.0
5 
10.1
4 
0.09  
35,000 
200
5 Paving 0.18 
  
29,69
8  
   
16,474  
62 1 49 U12 
12.0
9 
12.1
6 
0.07  
39,100 
200
5 Paving 0.13 
  
21,25
2  
   
12,813  
63 1 49 U12 
12.1
6 
12.1
9 
0.03  
32,900 
200
5 Paving 0.19 
  
24,16
1  
   
5,491  
64 1 16 U12 
12.4
6 
12.4
9 0.03 
 
32,900 
200
5 Paving 0.05 
   
4,374  
   
5,491  
65 1 49 U12 
13.1
3 
13.1
6 
0.03  
39,000 
200
5 Paving 0.19 
  
31,87
8  
   
5,491  
66 1 49 U12 
13.4
5 
13.4
9 0.04 
 
39,000 
200
5 Paving 0.08 
  
12,32
   
7,322  
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2  
67 1 49 U12 
13.4
9 
13.5
1 
0.02  
39,000 
200
5 Paving 0.15 
  
24,80
1  
   
3,661  
68 1 49 U12 
18.6
4 
18.6
8 
0.04  
42,700 
200
5 Paving 0.17 
  
27,86
2  
   
7,322  
69 1 56 U14 
22.2
6 
22.4
0 
0.14  
28,500 
200
5 Paving 0.19 
  
18,57
6  
   
25,626  
70 1 56 U14 
22.7
1 
22.7
5 
0.04  
24,400 
200
5 Adding 0.32 
  
53,12
7  
   
7,322  
71 1 56 U14 
22.7
9 
22.8
3 
0.04  
24,400 
200
5 Adding 0.49 
  
63,53
8  
   
7,322  
72 1 56 U14 
27.6
2 
27.7
4 
0.12  
22,900 
200
5 Paving 0.11 
  
16,79
7  
   
21,965  
73 1 16 U06 2.50 2.62 
0.12  
24,400 
200
5 Paving 0.13 
  
21,42
6  
   
21,965  
74 2 81 I80 5.13 5.23 
0.10  
18,900 
200
5 Adding 0.21 
  
16,13
1  
   
36,608  
75 2 37 I80 5.42 5.51 
0.09  
17,500 
200
5 Adding 0.15 
  
12,84
0  
   
32,947  
76 2 16 I90 
17.6
1 
17.6
8 0.07 
 
38,500 
200
5 Paving 0.10 
   
6,905  
   
25,626  
77 2 98 S2 3.83 3.88 
0.05  
12,900 
200
5 Adding 0.33 
  
53,70
2  
   
9,152  
78 2 52 S2 5.25 5.28 
0.03  
11,400 
200
5 Paving 0.14 
  
19,13
2  
   
5,491  
79 2 52 S2 6.99 7.01 0.02 
 
14,800 
200
5 Paving 0.03 
   
4,539  
   
3,661  
80 2 43 S35 1.04 1.06 0.02 
 
2,950 
200
5 Adding 0.03 
   
5,269  
   
3,661  
81 2 43 S35 1.36 1.45 
0.09  
2,950 
200
5 Adding 0.13 
  
21,48
1  
   
16,474  
82 2 81 S5 0.00 0.21 
0.21  
12,300 
200
5 Paving 0.18 
  
28,22
5  
   
38,438  
83 2 81 S5 4.51 4.53 
0.02  
33,000 
200
5 Adding 0.09 
  
15,48
4  
   
3,661  
84 2 81 S5 7.43 7.59 0.16  200 Adding 0.23      
164 
 
16,200 5 37,42
1  
29,286  
85 2 81 S5 8.09 8.18 
0.09  
16,200 
200
5 Paving 0.12 
  
18,16
6  
   
16,474  
86 2 81 S5 9.46 9.52 
0.06  
13,700 
200
5 Adding 0.07 
  
11,15
1  
   
10,982  
87 2 81 S5 9.71 9.74 
0.03  
13,700 
200
5 Adding 0.14 
  
21,66
5  
   
5,491  
88 2 81 S5 9.74 9.80 0.06 
 
13,700 
200
5 Adding 0.06 
   
9,770  
   
10,982  
89 2 37 S81 5.03 5.06 
0.03  
1,900 
200
5 Paving 0.07 
  
11,17
1  
   
5,491  
90 2 37 S84 0.00 0.26 
0.26  
15,200 
200
5 Paving 0.26 
  
44,97
1  
   
47,590  
91 2 81 S84 
11.6
5 
11.7
4 
0.09  
15,300 
200
5 Adding 0.22 
  
35,43
7  
   
16,474  
92 2 81 S84 
15.5
4 
15.6
0 
0.06  
10,700 
200
5 Paving 0.23 
  
36,73
4  
   
10,982  
93 2 81 S84 
15.6
0 
15.6
3 
0.03  
10,700 
200
5 Paving 0.12 
  
19,67
2  
   
5,491  
94 2 81 S92 
33.6
0 
33.7
9 
0.19  
14,800 
200
5 Paving 0.18 
  
29,69
7  
   
34,778  
95 2 81 S92 
34.1
9 
34.2
9 
0.10  
18,500 
200
5 Paving 0.10 
  
14,87
6  
   
18,304  
96 2 101 U20 0.00 0.42 
0.42  
14,000 
200
5 Paving 0.47 
  
76,35
5  
   
76,877  
97 2 43 U20 2.98 3.01 0.03 
 
10,100 
200
5 Paving 0.04 
   
6,605  
   
5,491  
98 2 43 U20 3.75 3.80 
0.05  
8,600 
200
5 Paving 0.15 
  
23,73
3  
   
9,152  
99 2 43 U20 4.19 4.28 
0.09  
8,600 
200
5 Paving 0.33 
  
47,52
7  
   
16,474  
100 2 43 U20 4.28 4.32 
0.04  
8,600 
200
5 Adding 0.13 
  
21,18
6  
   
7,322  
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Segment Dist County Road Station Length 
(Mile)
Traffic Volume Shoulder 
Treatment
Annual Benefits Project 
Costs (2010 
$) 
Begin End  AADT Year Eq. Injury 
B 
2010 $ 
101 2 43 U20 4.32 4.45 0.13 
 
8,600 2005 Paving 0.23 38,117 23,795 
102 2 43 U20 4.52 4.64 0.12 
 
8,600 2005 Paving 0.19 31,431 21,965 
103 2 43 U20 4.64 5.25 0.61 
 
8,600 2005 Adding 0.52 68,086 111,654 
104 2 43 U20 5.25 5.47 0.22 
 
8,600 2005 Adding 0.22 32,682 40,269 
105 2 43 U20 5.47 5.57 0.10 
 
8,600 2005 Paving 0.25 40,602 18,304 
106 2 43 U20 5.57 5.63 0.06 
 
8,600 2005 Paving 0.13 20,555 10,982 
107 2 43 U20 7.59 7.70 0.11 
 
8,400 2005 Adding 0.20 31,402 20,134 
108 2 43 U20 7.70 7.77 0.07 
 
8,400 2005 Adding 0.46 57,272 12,813 
109 2 43 U20 7.77 7.85 0.08 
 
8,400 2005 Adding 0.35 57,445 14,643 
110 2 43 U20 7.95 7.99 0.04 
 
8,400 2005 Adding 0.09 14,649 7,322 
111 2 43 U20 8.01 8.05 0.04 
 
8,400 2005 Adding 0.13 21,502 7,322 
112 2 43 U20 8.07 8.09 0.02 
 
8,600 2005 Adding 0.09 15,139 3,661 
113 2 43 U20 8.07 8.09 0.02 
 
8,600 2005 Paving 0.19 29,956 3,661 
114 2 43 U20 8.09 8.19 0.10 
 
8,600 2005 Adding 0.22 36,589 18,304 
115 2 43 U20 8.61 8.74 0.13 
 
8,600 2005 Paving 0.41 64,836 23,795 
116 2 43 U20 8.74 8.83 0.09 
 
8,600 2005 Paving 0.18 29,520 16,474 
117 2 43 U20 10.10 10.31 0.21 
 
8,600 2005 Widening 0.18 21,005 38,438 
118 2 43 U20 17.51 17.56 0.05 
 
5,500 2005 Paving 0.13 20,512 9,152 
119 2 43 U20 25.50 25.56 0.06 
 
5,100 2005 Paving 0.34 44,602 10,982 
120 2 43 U20 26.36 26.41 0.05 
 
5,100 2005 Paving 0.10 15,693 9,152 
121 2 43 U20 26.41 26.47 0.06 
 
5,000 2005 Paving 0.14 22,470 10,982 
122 2 43 U20 26.60 26.88 0.28 
 
5,000 2005 Paving 0.34 56,159 51,251 
123 2 43 U20 31.11 31.15 0.04 
 
3,700 2005 Paving 0.09 14,839 7,322 
124 2 43 U20 32.21 32.35 0.14  2005 Paving 0.23 27,933 25,626 
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3,700 
125 2 98 U30 0.45 0.53 0.08 
 
6,700 2005 Paving 0.11 17,898 14,643 
126 2 52 U30 31.90 32.01 0.11 
 
2,700 2005 Paving 0.30 46,639 20,134 
127 2 52 U30 32.14 32.18 0.04 
 
3,100 2005 Paving 0.05 7,769 7,322 
128 2 52 U30 32.26 32.37 0.11 
 
3,100 2005 Paving 0.13 16,579 20,134 
129 2 8 U52 1.69 1.76 0.07 
 
4,150 2005 Adding 0.08 12,363 12,813 
130 2 8 U52 1.76 1.81 0.05 
 
4,150 2005 Adding 0.06 9,587 9,152 
131 2 8 U52 1.81 1.84 0.03 
 
4,150 2005 Adding 0.09 14,914 5,491 
132 2 8 U52 1.89 1.92 0.03 
 
4,150 2005 Paving 0.06 9,772 5,491 
133 2 8 U52 2.20 2.22 0.02 
 
4,150 2005 Paving 0.15 23,453 3,661 
134 2 8 U52 2.35 2.50 0.15 
 
4,150 2005 Paving 0.13 17,109 27,456 
135 2 8 U52 2.59 2.61 0.02 
 
4,150 2005 Paving 0.02 3,997 3,661 
136 2 8 U52 2.62 2.69 0.07 
 
4,150 2005 Paving 0.27 44,279 12,813 
137 2 8 U52 5.53 5.60 0.07 
 
4,100 2005 Adding 0.26 42,820 12,813 
138 3 53 S23 22.38 22.49 0.11 
 
4,500 2005 Paving 0.11 17,895 20,134 
139 3 53 S23 22.53 22.62 0.09 
 
3,950 2005 Paving 0.15 23,486 16,474 
140 3 50 S23 34.42 34.60 0.18 
 
7,200 2005 Paving 1.41 225,972 32,947 
141 3 47 S31 0.37 0.44 0.07 
 
15,300 2005 Paving 0.20 32,639 12,813 
142 3 47 S31 0.53 0.55 0.02 
 
15,300 2005 Adding 0.08 9,812 3,661 
143 3 47 S31 0.55 0.59 0.04 
 
15,300 2005 Adding 0.32 51,773 7,322 
144 3 47 S31 0.61 0.65 0.04 
 
15,300 2005 Paving 0.22 34,657 7,322 
145 3 47 S31 0.77 0.82 0.05 
 
15,300 2005 Paving 0.12 18,884 9,152 
146 3 46 S50 4.72 4.73 0.01 
 
8,100 2005 Paving 0.06 10,023 1,830 
147 3 16 S50 8.05 8.22 0.17 
 
11,000 2005 Paving 0.17 23,013 31,117 
148 3 46 S50 8.22 8.50 0.28 
 
13,400 2005 Paving 0.31 42,814 51,251 
149 4 48 I74 5.40 5.46 0.06  2005 Paving 0.55 18,010 21,965 
167 
 
13,400 
150 4 90 U24 2.58 2.78 0.20 
 
22,700 2005 Paving 0.21 24,254 36,608 
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Segme
nt 
Dis
t 
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Roa
d 
Station Lengt
h 
(Mile)
Traffic Volume Shoulder 
Treatme
nt 
Annual Benefits Project 
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(2010 $)
Begi
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B 
2010 $ 
151 4 90 U24 3.81 3.89 
0.08 
   
12,30
0  
200
5 Paving 0.19 
31,50
3 14,643 
152 4 90 U24 6.21 6.35 
0.14 
   
10,00
0  
200
5 Paving 0.15 
20,63
6 35,235 
153 4 90 U24 7.23 7.40 
0.17 
   
10,00
0  
200
5 Paving 0.27 
37,37
8 31,117 
154 5 57 I55 
28.2
4 
28.3
9 
0.15 
   
25,40
0  
200
5 Paving 0.21 
14,11
5 54,912 
155 5 10 S47 
19.9
4 
20.0
7 0.13 
   
4,100  
200
5 
Widenin
g 0.15 
23,52
2 23,795 
156 5 20 U51 
11.1
9 
11.3
1 0.12 
   
7,100  
200
5 Paving 0.18 
29,63
9 21,965 
157 5 20 U51 
11.8
2 
11.8
8 
0.06 
   
10,30
0  
200
5 Paving 0.18 
27,70
5 10,982 
158 5 20 U51 
12.9
0 
13.0
1 
0.11 
   
10,30
0  
200
5 Paving 0.10 
16,42
3 20,134 
159 5 20 U51 
13.2
1 
13.4
2 
0.21 
   
10,30
0  
200
5 Paving 0.36 
52,64
7 38,438 
160 5 20 U51 
13.4
4 
13.4
6 
0.02 
   
10,30
0  
200
5 Paving 0.20 
32,01
5 3,661 
161 6 1 
S10
4 4.47 4.57 
0.10 
   
13,90
0  
200
5 Paving 0.23 
38,18
4 46,980 
162 6 1 
S10
4 4.57 4.59 0.02 
   
8,200  
200
5 Paving 0.10 
16,33
0 3,661 
163 6 1 
S10
4 4.74 4.80 0.06 
   
8,200  
200
5 Paving 0.06 
10,25
0 10,982 
164 6 1 
S10
4 7.44 8.05 0.61 
   
5,900  
200
5 Paving 0.52 
83,10
9 
111,65
4 
165 6 1 
S10
4 
10.1
7 
10.2
3 0.06 
   
4,750  
200
5 Adding 0.07 
10,62
3 10,982 
166 6 75 
S10
7 
13.1
4 
13.2
0 0.06 
   
3,100  
200
5 Paving 0.08 
12,58
1 10,982 
167 6 84 S29 3.95 4.08 0.13    200 Paving 0.15 24,66 23,795 
168 
 
15,10
0  
5 1 
168 6 11 S29 4.39 4.65 0.26 
   
8,200  
200
5 Paving 0.38 
61,74
2 47,590 
169 6 22 S29 7.15 7.37 0.22 
   
7,900  
200
5 Paving 0.26 
40,71
2 49,421 
170 6 11 S29 7.89 7.94 0.05 
   
7,900  
200
5 Adding 0.20 
31,47
9 9,152 
171 6 11 S29 8.18 8.42 0.24 
   
7,900  
200
5 Adding 0.31 
33,28
9 43,930 
172 6 11 S29 8.42 8.64 0.22 
   
7,900  
200
5 Adding 0.39 
63,91
2 40,269 
173 6 11 S29 8.89 9.00 0.11 
   
7,900  
200
5 Paving 0.10 
15,55
9 20,134 
174 6 11 S29 9.91 
10.0
4 0.13 
   
7,900  
200
5 Adding 0.19 
31,37
3 23,795 
175 6 11 S29 
10.1
3 
10.2
0 0.07 
   
7,900  
200
5 Adding 0.32 
52,28
5 12,813 
176 6 1 
S33
6 0.00 0.12 0.12 
   
2,500  
200
5 Paving 0.12 
15,74
8 21,965 
177 6 1 
S33
6 2.79 2.86 0.07 
   
2,500  
200
5 Paving 0.24 
37,98
6 12,813 
178 6 1 
S33
6 2.86 2.91 0.05 
   
2,500  
200
5 Paving 0.10 
16,08
1 9,152 
179 6 1 
S33
6 4.21 4.27 0.06 
   
2,600  
200
5 Paving 0.22 
34,77
1 10,982 
180 6 1 
S33
6 5.05 5.11 0.06 
   
3,050  
200
5 Paving 0.14 
23,21
6 15,558 
181 6 1 
S33
6 
13.3
9 
13.4
3 0.04 
   
4,500  
200
5 Paving 0.04 5,796 7,322 
182 6 1 
S33
6 
15.6
5 
15.7
4 0.09 
   
4,500  
200
5 Paving 0.30 
48,35
5 16,474 
183 6 68 S48 0.00 0.02 0.02 
   
5,200  
200
5 Adding 0.16 
25,87
4 3,661 
184 6 34 S9 1.93 1.97 0.04 
   
1,800  
200
5 
Widenin
g 0.69 3,854 14,643 
185 6 75 U54 0.00 0.20 0.20 
   
4,250  
200
5 Paving 0.23 
37,30
5 36,608 
186 6 75 U54 0.23 0.37 0.14 
   
4,250  
200
5 Paving 0.23 
36,09
9 25,626 
187 7 58 U51 0.72 0.91 0.19 
   
8,800  
200
5 Paving 0.25 
24,75
8 34,778 
188 7 58 U51 1.86 2.08 
0.22 
   
10,80
0  
200
5 Paving 0.24 
28,31
9 40,269 
189 7 58 U51 5.12 5.20 
0.08 
   
10,80
0  
200
5 Paving 0.07 7,822 14,643 
190 7 58 U51 5.20 5.27 0.07 
   
11,40
200
5 Paving 0.07 
11,74
9 12,813 
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0  
191 7 58 U51 6.13 6.21 
0.08 
   
11,40
0  
200
5 Paving 0.09 
15,55
2 14,643 
192 7 58 U51 8.63 8.77 0.14 
   
7,800  
200
5 Paving 0.20 
32,75
0 25,626 
193 7 58 U51 8.77 8.91 0.14 
   
7,800  
200
5 Paving 0.17 
28,06
7 25,626 
194 7 58 U51 8.91 8.98 0.07 
   
7,700  
200
5 Paving 0.16 
27,19
2 12,813 
195 7 58 U51 9.07 9.11 0.04 
   
7,700  
200
5 Paving 0.26 
42,04
1 7,322 
196 7 58 U51 9.32 9.34 0.02 
   
7,700  
200
5 Paving 0.05 7,504 3,661 
197 7 58 U51 9.34 9.41 0.07 
   
7,700  
200
5 Paving 0.16 
26,69
2 12,813 
198 7 58 U51 9.46 9.61 0.15 
   
7,100  
200
5 Paving 0.39 
62,84
7 27,456 
199 8 60 I55 
10.8
2 
10.8
7 
0.05 
   
38,60
0  
200
5 Adding 0.08 
18,33
2 18,304 
200 8 82 I55 
15.2
9 
15.3
5 
0.06 
   
43,40
0  
200
5 Paving 0.34 
18,50
3 21,965 
Appendix A. Rural Highway Segments Prioritized for Shoulder Treatments (Cont’) 
Segme
nt 
Dis
t 
Count
y 
Roa
d 
Station Lengt
h 
(Mile)
Traffic Volume Shoulder 
Treatme
nt 
Annual Benefits Project 
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(2010 $)
Begi
n 
End  AADT Year Eq. Injury 
B 
2010 $ 
201 8 60 I55 
18.4
4 
18.5
3 
0.09 
   
25,40
0  
200
5 Paving 0.17 8,912 32,947 
202 8 60 I55 
18.9
6 
19.0
0 
0.04 
   
25,40
0  
200
5 Paving 0.03 6,996 14,643 
203 8 82 I64 
21.7
0 
21.7
5 
0.05 
   
27,80
0  
200
5 Paving 0.05 
13,89
3 18,304 
204 8 42 
S10
0 
23.6
7 
23.7
5 0.08 
   
3,650  
200
5 Paving 0.14 
21,87
3 14,643 
205 8 60 
S11
1 
11.6
0 
11.6
5 
0.05 
   
12,70
0  
200
5 Paving 0.08 
13,26
0 9,152 
206 8 60 
S11
1 
12.1
9 
12.2
4 
0.05 
   
13,70
0  
200
5 Paving 0.11 
18,59
9 9,152 
207 8 60 
S11
1 
12.2
4 
12.3
1 
0.07 
   
13,70
0  
200
5 Paving 0.20 
22,16
1 12,813 
208 8 82 S13 11.1 11.2 0.15    200 Widenin 0.26 42,71 27,456 
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4 9 26,70
0  
5 g 2 
209 8 82 S13 
14.8
5 
14.9
2 
0.07 
   
15,30
0  
200
5 
Widenin
g 0.19 
31,55
1 12,813 
210 8 82 S13 
15.5
2 
15.5
8 
0.06 
   
15,90
0  
200
5 
Widenin
g 0.19 
30,81
6 10,982 
211 8 82 S13 
16.1
2 
16.1
8 
0.06 
   
15,90
0  
200
5 
Widenin
g 0.09 
12,97
1 10,982 
212 8 82 S13 
16.1
8 
16.2
1 
0.03 
   
15,90
0  
200
5 Paving 0.14 
22,43
8 5,491 
213 8 60 
S14
3 2.99 3.12 
0.13 
   
14,90
0  
200
5 Paving 0.45 
72,95
6 23,795 
214 8 60 
S14
3 3.38 3.65 
0.27 
   
14,90
0  
200
5 Paving 0.34 
55,76
1 49,421 
215 8 60 
S14
3 
13.9
6 
13.9
8 
0.02 
   
10,10
0  
200
5 
Widenin
g 0.07 
10,79
0 3,661 
216 8 60 
S14
3 
15.5
8 
15.6
6 0.08 
   
9,500  
200
5 
Widenin
g 0.09 
14,63
2 14,643 
217 8 60 
S14
3 
29.4
7 
29.5
2 0.05 
   
3,750  
200
5 
Widenin
g 0.05 7,929 9,152 
218 8 82 S15 5.88 6.00 
0.12 
   
33,60
0  
200
5 Paving 0.22 
37,35
9 21,965 
219 8 82 S15 6.00 6.05 
0.05 
   
33,60
0  
200
5 Paving 0.22 
35,86
5 9,152 
220 8 82 S15 6.05 6.11 
0.06 
   
33,60
0  
200
5 Paving 0.21 
34,26
4 10,982 
221 8 82 S15 6.11 6.20 
0.09 
   
33,60
0  
200
5 Paving 0.29 
47,76
5 16,474 
222 8 82 S15 6.31 6.37 
0.06 
   
33,60
0  
200
5 Paving 0.22 
31,15
3 10,982 
223 8 82 S15 6.37 6.44 
0.07 
   
33,80
0  
200
5 Paving 0.17 
28,64
6 12,813 
224 8 82 S15 9.13 9.47 
0.34 
   
26,10
0  
200
5 
Widenin
g 0.52 
77,36
6 62,234 
225 8 82 S15 9.47 9.53 0.06 
   
26,10
200
5 
Widenin
g 0.31 
48,70
9 10,982 
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0  
226 8 82 S15 9.60 9.65 
0.05 
   
26,10
0  
200
5 
Widenin
g 0.56 
71,34
9 9,152 
227 8 82 S15 9.65 9.85 
0.20 
   
26,10
0  
200
5 
Widenin
g 0.29 
40,43
2 36,608 
228 8 82 S15 9.85 9.92 
0.07 
   
26,10
0  
200
5 
Widenin
g 0.27 
30,40
3 12,813 
229 8 82 S15 9.92 
10.0
1 
0.09 
   
26,10
0  
200
5 
Widenin
g 0.26 
41,51
6 16,474 
230 8 82 S15 
10.0
1 
10.3
1 
0.30 
   
26,70
0  
200
5 
Widenin
g 0.38 
41,09
4 54,912 
231 8 82 S15 
10.4
9 
10.6
8 
0.19 
   
26,70
0  
200
5 
Widenin
g 0.29 
46,29
1 34,778 
232 8 82 S15 
10.8
8 
10.9
9 
0.11 
   
26,70
0  
200
5 
Widenin
g 0.20 
31,97
1 20,134 
233 8 82 S15 
11.5
6 
11.6
4 
0.08 
   
26,70
0  
200
5 
Widenin
g 0.32 
51,32
2 14,643 
234 8 82 S15 
11.6
4 
11.7
1 
0.07 
   
26,70
0  
200
5 
Widenin
g 0.21 
31,63
6 12,813 
235 8 82 S15 
11.7
8 
11.8
8 
0.10 
   
26,70
0  
200
5 
Widenin
g 0.20 
33,05
1 18,304 
236 8 82 S15 
11.8
8 
11.9
1 
0.03 
   
26,10
0  
200
5 
Widenin
g 0.05 8,369 5,491 
237 8 82 S15 
12.2
4 
12.3
8 
0.14 
   
26,10
0  
200
5 
Widenin
g 0.37 
59,20
6 25,626 
238 8 82 S15 
14.3
6 
14.6
5 
0.29 
   
15,30
0  
200
5 
Widenin
g 0.50 
80,27
7 53,082 
239 8 82 S15 
14.6
5 
14.7
5 
0.10 
   
15,30
0  
200
5 
Widenin
g 0.44 
71,36
0 18,304 
240 8 82 S15 
14.7
5 
14.8
5 
0.10 
   
15,30
0  
200
5 
Widenin
g 0.25 
28,09
0 18,304 
241 8 82 
S15
7 1.26 1.28 
0.02 
   
15,40
0  
200
5 Paving 0.06 9,040 3,661 
242 8 82 S15 7.84 7.99 0.15    200 Paving 0.20 32,40 27,456 
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8 8,300  5 7 
243 8 82 
S15
8 
13.1
5 
13.2
1 
0.06 
   
13,90
0  
200
5 Paving 0.28 
31,89
5 10,982 
244 8 82 
S16
1 9.33 9.43 
0.10 
   
19,40
0  
200
5 Paving 0.46 
75,39
7 18,304 
245 8 82 
S16
1 9.43 9.48 
0.05 
   
19,40
0  
200
5 Paving 0.19 
30,46
0 9,152 
246 8 82 
S16
1 9.48 9.53 
0.05 
   
19,40
0  
200
5 Paving 0.19 
30,46
0 9,152 
247 8 82 
S16
1 9.53 9.57 
0.04 
   
19,40
0  
200
5 Paving 0.09 
13,84
4 7,322 
248 8 82 
S16
1 9.57 9.63 
0.06 
   
19,40
0  
200
5 Paving 0.10 
16,43
9 10,982 
249 8 82 
S16
1 9.70 9.73 
0.03 
   
19,40
0  
200
5 Paving 0.06 9,682 5,491 
250 8 82 
S16
1 9.93 
10.0
0 
0.07 
   
13,20
0  
200
5 Paving 0.19 
30,64
5 12,813 
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Segme
nt 
Dis
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251 8 82 
S16
1 
10.1
2 
10.1
6 
0.04 
   
13,20
0  
200
5 Paving 0.16 
25,78
5 7,322 
252 8 82 
S16
1 
10.8
3 
10.9
4 
0.11 
   
13,20
0  
200
5 Paving 0.43 
70,36
8 20,134 
253 8 82 
S16
1 
11.1
2 
11.1
9 
0.07 
   
13,20
0  
200
5 
Widenin
g 0.31 
33,87
0 12,813 
254 8 82 
S16
1 
13.2
7 
13.3
1 
0.04 
   
14,90
0  
200
5 
Widenin
g 0.10 
16,64
9 7,322 
255 9 44 I24 2.75 2.88 
0.13 
   
16,60
0  
200
6 Paving 0.31 9,584 47,590 
256 9 44 I24 
11.5
7 
11.7
6 
0.19 
   
16,00
0  
200
6 Adding 0.54 
18,48
2 69,555 
257 9 35 S1 7.94 8.16 0.22 
   
1,550  
200
5 Paving 0.29 
47,11
3 40,269 
173 
 
258 9 100 S13 0.53 0.64 
0.11 
   
29,80
0  
200
5 Paving 0.29 
44,96
8 20,134 
259 9 100 S13 1.26 1.39 
0.13 
   
29,80
0  
200
5 Paving 0.15 
13,73
5 33,313 
260 9 100 S13 2.21 2.32 
0.11 
   
29,90
0  
200
5 Paving 0.35 
57,78
7 20,134 
261 9 100 
S14
8 
18.1
3 
18.3
4 0.21 
   
5,100  
200
5 Adding 0.36 
58,50
1 38,438 
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Appendix B. Urban Highway Segments Prioritized for Shoulder Treatments 
Segment Dist CountyRoad Station Length 
(Mile) 
Traffic Volume Shoulder 
Treatment
Annual Benefits Project 
Costs (2010 
$) 
Begin End  AADT  Year Eq. Injury 
B 
2010 $
1 1 16 I 294 19.11 19.17 0.06 
 
159,900  2005 Paving 0.30 11,500 21,965 
2 1 16 I190 0.08 0.13 0.05 
   
87,400  2004 Adding 0.05 3,526 18,304 
3 1 16 I190 0.13 0.19 0.06 
   
87,400  2004 Adding 0.12 8,057 21,965 
4 1 16 I190 1.29 1.30 0.01 
 
121,900  2004 Paving 0.01 2,783 39,049 
5 1 16 I190 1.45 1.47 0.02 
 
133,700  2004 Paving 0.35 12,638 48,506 
6 1 22 I190 1.48 1.49 0.01 
 
111,900  2004 Paving 0.06 11,698 91,520 
7 1 16 I190 1.52 1.71 0.19 
   
98,000  2004 Paving 0.20 15,685 69,555 
8 1 22 I290 4.68 4.71 0.03 
 
144,300  2005 Paving 0.11 4,913 10,982 
9 1 22 I290 5.62 5.65 0.03 
 
144,300  2005 Paving 0.05 9,747 67,725 
10 1 22 I290 5.89 5.90 0.01 
 
140,800  2005 Paving 0.01 1,889 3,661 
11 1 22 I290 6.08 6.09 0.01 
 
132,400  2005 Paving 0.02 2,818 3,661 
12 1 22 I290 6.09 6.13 0.04 
 
140,300  2005 Paving 0.12 8,270 14,643 
13 1 22 I290 6.14 6.19 0.05 
 
140,300  2005 Paving 0.11 4,600 18,304 
14 1 22 I290 6.20 6.44 0.24 
 
127,100  2005 Paving 0.27 17,192 87,859 
15 1 22 I290 6.46 6.48 0.02 
 
140,400  2005 Paving 0.02 3,839 7,322 
16 1 22 I290 6.48 7.30 0.82 
 
140,400  2005 Paving 0.81 58,263 300,186 
17 1 22 I290 7.90 7.96 0.06 
 
163,300  2005 Paving 0.08 4,388 21,965 
18 1 22 I290 7.96 7.97 0.01 
 
163,300  2005 Paving 0.07 2,922 3,661 
19 1 22 I290 7.97 8.27 0.3 
 
159,500  2005 Paving 0.52 35,028 109,824 
20 1 22 I290 8.27 8.45 0.18 
 
159,500  2005 Adding 0.21 13,171 65,894 
21 1 22 I290 8.45 8.63 0.18 
 
159,500  2005 Adding 0.28 16,179 65,894 
22 1 22 I290 8.69 8.80 0.11 
 
119,600  2005 Paving 0.23 10,272 40,269 
23 1 22 I290 9.10 9.19 0.09  2005 Paving 0.10 10,498 32,947 
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129,000  
24 1 22 I290 9.19 9.26 0.07 
 
138,700  2005 Adding 0.07 6,351 25,626 
25 1 22 I290 9.26 9.33 0.07 
 
204,500  2005 Adding 0.10 8,350 25,626 
26 1 16 I290 13.76 13.95 0.19 
 
180,200  2005 Paving 0.38 22,963 69,555 
27 1 16 I290 13.95 13.98 0.03 
 
180,200  2005 Paving 0.03 3,464 10,982 
28 1 16 I290 14.02 14.12 0.1 
 
206,600  2005 Paving 0.13 9,728 36,608 
29 1 16 I290 14.61 14.76 0.15 
 
211,500  2005 Paving 0.22 17,605 54,912 
30 1 16 I290 15.28 15.48 0.2 
 
207,100  2005 Paving 0.21 22,185 73,216 
31 1 16 I290 15.48 15.52 0.04 
 
207,100  2005 Paving 0.13 8,729 14,643 
32 1 16 I290 15.52 15.68 0.16 
 
207,100  2005 Adding 0.14 16,739 58,573 
33 1 16 I290 15.68 15.81 0.13 
 
207,100  2005 Adding 0.17 15,968 47,590 
34 1 16 I290 15.97 16.03 0.06 
 
217,900  2005 Paving 0.30 13,512 21,965 
35 1 16 I290 16.03 16.19 0.16 
 
226,600  2005 Paving 0.60 25,096 58,573 
36 1 16 I290 16.19 16.36 0.17 
 
226,600  2005 Paving 0.30 30,805 62,234 
37 1 16 I290 16.37 16.68 0.31 
 
203,900  2005 Paving 0.36 47,734 113,485 
38 1 16 I290 16.68 16.70 0.02 
 
211,900  2005 Paving 0.04 5,871 7,322 
39 1 16 I290 16.87 17.03 0.16 
 
221,300  2005 Adding 0.14 14,484 58,573 
40 1 16 I290 17.31 17.35 0.04 
 
235,000  2005 Paving 0.03 7,473 14,643 
41 1 16 I290 17.39 17.43 0.04 
 
225,000  2005 Paving 0.17 9,234 14,643 
42 1 16 I290 17.43 17.55 0.12 
 
215,500  2005 Paving 0.22 40,568 43,930 
43 1 16 I290 17.57 17.82 0.25 
 
215,500  2005 Paving 0.22 26,471 91,520 
44 1 16 I290 17.82 17.92 0.1 
 
215,500  2005 Paving 0.10 12,367 36,608 
45 1 16 I290 17.92 17.93 0.01 
 
207,100  2005 Paving 0.01 2,067 3,661 
46 1 16 I290 18.46 18.58 0.12 
 
216,900  2005 Paving 0.14 14,192 43,930 
47 1 16 I290 18.60 18.72 0.12 
 
228,000  2005 Paving 0.21 24,185 43,930 
48 1 16 I290 18.72 18.73 0.01  2005 Paving 0.01 1,398 3,661 
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218,700  
49 1 16 I290 19.00 19.07 0.07 
 
220,800  2005 Paving 0.07 5,654 25,626 
50 1 16 I290 19.67 19.68 0.01 
 
200,600  2005 Paving 0.04 1,289 3,661 
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51 1 16 I290 19.68 20.10 0.42 
 
200,600  2005 Paving 0.38 32,383 153,754 
52 1 16 I294 8.51 8.56 0.05 
 
147,300  2005 Paving 0.17 5,009 18,304 
53 1 16 I294 13.09 13.20 0.11 
 
178,300  2005 Paving 0.22 21,197 40,269 
54 1 16 I294 33.11 33.38 0.27 
 
143,900  2005 Paving 0.25 25,298 98,842 
55 1 16 I294 33.99 34.23 0.24 
 
143,900  2005 Paving 0.20 21,840 87,859 
56 1 16 I294 42.44 42.46 0.02 
 
101,700  2005 Adding 0.02 3,923 7,322 
57 1 16 I294 42.46 43.28 0.82 
 
101,700  2005 Paving 0.80 58,082 300,186 
58 1 16 I294 47.12 47.15 0.03 
   
92,100  2005 Paving 0.04 3,834 10,982 
59 1 16 I294 47.15 47.87 0.72 
   
92,100  2005 Paving 0.97 113,713 263,578 
60 1 16 I355 0.28 0.40 0.12 
 
170,200  2005 Paving 0.26 11,704 43,930 
61 1 22 I355 3.11 3.19 0.08 
 
114,700  2005 Paving 0.23 7,611 29,286 
62 1 16 I55 0.00 0.17 0.17 
 
171,700  2005 Paving 0.21 23,022 62,234 
63 1 22 I55 3.36 3.40 0.04 
 
155,100  2005 Paving 0.05 9,141 58,573 
64 1 22 I55 3.49 3.65 0.16 
 
152,500  2005 Paving 0.18 12,191 58,573 
65 1 22 I55 4.02 4.23 0.21 
 
160,900  2005 Paving 0.32 14,711 79,317 
66 1 48 I55 5.58 5.69 0.11 
 
169,800  2005 Paving 0.14 10,967 210,130 
67 1 16 I55 6.90 6.94 0.04 
 
171,400  2005 Paving 0.07 12,424 124,467 
68 1 99 I80 4.92 5.09 0.17 
   
68,000  2005 Paving 0.20 12,902 62,234 
69 1 99 I80 5.73 5.84 0.11 
   
76,000  2005 Paving 0.46 13,659 40,269 
70 1 99 I80 9.02 9.28 0.26 
 
101,900  2005 Paving 0.30 20,154 95,181 
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71 1 16 I80 12.60 12.76 0.16 
 
116,800  2005 Paving 0.13 11,564 58,573 
72 1 22 I88 0.00 1.17 1.17 
   
90,700  2005 Paving 2.45 222,251 428,314 
73 1 16 I90 6.70 8.98 2.28 
 
141,400  2005 Paving 2.15 197,562 834,662 
74 1 16 I90 28.90 28.91 0.01 
 
154,600  2005 Paving 0.01 4,024 3,661 
75 1 49 I94 1.22 1.25 0.03 
   
57,000  2005 Paving 0.04 4,357 10,982 
76 1 49 I94 1.28 1.40 0.12 
   
57,000  2005 Paving 0.22 9,198 43,930 
77 1 49 I94 21.49 21.62 0.13 
 
138,800  2005 Paving 0.24 11,598 47,590 
78 1 16 I94 34.52 34.70 0.18 
 
234,900  2005 Paving 0.21 22,097 65,894 
79 1 16 I94 34.71 34.80 0.09 
 
268,800  2005 Paving 0.35 13,599 32,947 
80 1 16 I94 35.34 35.35 0.01 
 
265,100  2005 Paving 0.05 3,531 3,661 
81 1 16 I94 35.35 35.36 0.01 
 
258,500  2005 Paving 0.08 2,761 3,661 
82 1 16 I94 36.53 36.54 0.01 
 
239,200  2005 Paving 0.04 4,979 3,661 
83 1 16 I94 37.17 37.26 0.09 
 
253,000  2005 Paving 0.13 10,134 32,947 
84 1 16 I94 37.26 37.53 0.27 
 
234,800  2005 Paving 0.34 43,465 98,842 
85 1 16 I94 37.66 37.85 0.19 
 
234,800  2005 Adding 0.20 14,429 69,555 
86 1 16 I94 37.89 37.94 0.05 
   
71,000  2005 Paving 0.06 4,512 18,304 
87 1 16 I94 38.09 38.10 0.01 
   
95,700  2005 Paving 0.03 3,396 3,661 
88 1 16 I94 39.81 39.85 0.04 
 
128,000  2005 Paving 0.11 5,771 14,643 
89 1 16 I94 39.85 39.86 0.01 
 
151,700  2005 Paving 0.03 948 3,661 
90 1 16 I94 41.32 41.38 0.06 
 
145,300  2005 Paving 0.14 8,626 21,965 
91 1 16 I94 41.58 43.09 1.51 
 
156,800  2005 Paving 1.34 159,919 552,781 
92 1 16 I94 43.35 43.38 0.03 
 
153,300  2005 Paving 0.06 4,273 10,982 
93 1 16 I94 43.41 43.45 0.04 
 
145,100  2005 Paving 0.05 6,614 14,643 
94 1 16 I94 43.45 43.50 0.05 
 
145,100  2005 Paving 0.05 6,780 18,304 
95 1 16 I94 43.50 43.51 0.01 
 
148,200  2005 Paving 0.05 2,410 3,661 
178 
 
96 1 16 I94 43.51 44.10 0.59 
 
153,000  2005 Paving 0.61 156,502 215,987 
97 1 16 I94 44.10 44.20 0.1 
 
153,000  2005 Paving 0.09 14,718 36,608 
98 1 16 I94 44.38 44.50 0.12 
 
151,800  2005 Paving 0.12 15,403 43,930 
99 1 16 I94 44.84 45.05 0.21 
 
151,800  2005 Paving 0.44 46,672 76,877 
100 1 16 I94 45.05 45.14 0.09 
 
151,800  2005 Paving 0.26 31,502 32,947 
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101 1 16 I94 45.16 45.19 0.03 
 
144,100  2005 Paving 0.06 5,762 10,982 
102 1 16 I94 45.19 45.21 0.02 
 
138,600  2005 Paving 0.11 4,429 7,322 
103 1 16 I94 45.30 45.34 0.04 
 
138,600  2005 Paving 0.03 5,709 14,643 
104 1 16 I94 45.48 45.53 0.05 
 
126,200  2005 Paving 0.10 7,806 18,304 
105 1 16 I94 45.53 45.59 0.06 
 
126,200  2005 Paving 0.08 6,611 21,965 
106 1 16 I94 45.59 45.94 0.35 
 
126,200  2005 Paving 0.55 73,014 128,128 
107 1 16 I94 46.09 46.10 0.01 
 
120,500  2005 Paving 0.04 2,619 3,661 
108 1 16 I94 46.10 46.12 0.02 
 
120,500  2005 Paving 0.02 3,629 7,322 
109 1 16 I94 46.13 46.14 0.01 
 
112,200  2005 Paving 0.02 2,406 3,661 
110 1 16 I94 47.63 47.64 0.01 
 
109,100  2005 Paving 0.01 1,856 3,661 
111 1 16 I94 47.73 47.83 0.1 
   
90,900  2005 Paving 0.13 7,582 36,608 
112 1 16 I94 48.07 48.53 0.46 
   
99,100  2005 Paving 0.47 73,206 168,397 
113 1 16 I94 48.64 48.69 0.05 
   
99,100  2005 Paving 0.12 4,386 18,304 
114 1 16 I94 48.69 48.97 0.28 
   
99,100  2005 Paving 0.25 48,411 102,502 
115 1 49 S120 0.61 0.92 0.31 
   
30,700  2005 Adding 0.26 25,806 56,742 
116 1 56 S120 3.63 3.69 0.06 
   
9,800  2005 Paving 0.30 7,310 21,965 
117 1 49 S131 0.27 0.38 0.11 
   
11,500  2005 Widening 0.11 12,431 40,269 
118 1 49 S131 3.53 3.66 0.13    2005 Widening 0.30 9,628 47,590 
179 
 
17,700  
119 1 49 S131 10.90 10.94 0.04 
   
18,600  2005 Adding 0.17 7,365 7,322 
120 1 49 S131 12.21 12.23 0.02 
   
12,700  2005 Adding 0.40 11,691 7,322 
121 1 49 S132 12.01 12.15 0.14 
   
26,100  2005 Paving 0.40 11,177 25,626 
122 1 49 S132 12.61 12.62 0.01 
   
25,600  2005 Adding 0.01 2,474 1,830 
123 1 49 S137 4.27 4.30 0.03 
   
20,600  2005 Adding 0.06 2,333 5,491 
124 1 16 S171 9.55 9.63 0.08 
   
25,400  2005 Adding 0.22 6,200 14,643 
125 1 16 S171 13.28 13.29 0.01 
   
49,200  2003 Paving 0.03 3,928 1,830 
126 1 56 S176 6.64 6.78 0.14 
   
17,800  2005 Paving 0.57 13,679 109,824 
127 1 16 S19 20.92 20.93 0.01 
   
33,700  2005 Adding 0.01 1,562 1,830 
128 1 16 S19 20.97 21.05 0.08 
   
33,700  2005 Adding 0.26 9,330 14,643 
129 1 16 S19 22.39 22.64 0.25 
   
40,600  2005 Adding 0.26 22,681 45,760 
130 1 16 S19 23.52 23.88 0.36 
   
36,200  2005 Adding 0.30 25,194 65,894 
131 1 16 S19 23.88 23.90 0.02 
   
36,200  2005 Adding 0.02 1,533 3,661 
132 1 16 S19 25.16 25.34 0.18 
   
48,400  2001 Adding 0.21 15,391 32,947 
133 1 49 S21 0.35 0.48 0.13 
   
10,000  2005 Paving 0.46 11,055 47,590 
134 1 16 S21 7.21 7.31 0.1 
   
35,600  2005 Adding 0.10 11,003 23,795 
135 1 49 S22 6.76 6.78 0.02 
   
13,000  2005 Adding 0.03 2,896 7,322 
136 1 45 S25 4.28 4.40 0.12 
   
10,000  2005 Adding 1.85 44,170 43,930 
137 1 45 S25 5.52 5.60 0.08 
   
10,400  2005 Adding 0.10 5,993 29,286 
138 1 45 S25 5.94 6.00 0.06 
   
22,900  2005 Adding 0.20 5,989 10,982 
139 1 45 S25 6.68 6.73 0.05 
   
10,400  2005 Adding 0.04 3,963 18,304 
140 1 45 S25 7.77 7.81 0.04 
   
10,400  2005 Adding 0.20 7,442 35,510 
141 1 45 S25 10.56 10.60 0.04 
   
6,300  2005 Widening 0.07 7,817 14,643 
142 1 45 S31 3.00 3.10 0.1 
   
16,100  2005 Widening 0.22 12,322 36,608 
143 1 45 S31 8.59 8.61 0.02    2005 Adding 0.02 2,417 7,322 
180 
 
16,700  
144 1 45 S31 10.34 10.36 0.02 
   
24,900  2005 Adding 0.29 8,594 7,322 
145 1 45 S31 17.54 17.56 0.02 
   
15,400  2005 Widening 0.57 14,240 7,322 
146 1 45 S31 20.97 21.10 0.13 
   
10,200  2005 Adding 0.47 11,200 47,590 
147 1 16 S43 2.24 2.34 0.1 
   
24,200  2005 Widening 0.21 7,500 27,090 
148 1 16 S43 2.34 2.38 0.04 
   
24,200  2005 Adding 0.04 5,331 28,066 
149 1 16 S43 16.57 16.62 0.05 
   
20,700  2005 Adding 0.08 8,578 18,304 
150 1 16 S43 16.62 16.83 0.21 
   
20,700  2005 Adding 0.37 27,045 76,877 
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151 1 16 S43 17.33 17.37 0.04 
 
20,700 2005 Adding 0.37 9,019 14,643 
152 1 16 S43 17.47 17.49 0.02 
 
20,700 2005 Adding 0.04 4,147 7,322 
153 1 16 S43 18.04 18.13 0.09 
 
28,600 2005 Adding 0.10 6,759 16,474 
154 1 16 S43 19.12 19.13 0.01 
 
37,200 2005 Adding 0.01 1,659 1,830 
155 1 16 S43 20.15 20.29 0.14 
 
36,200 2005 Adding 0.23 10,481 25,626 
156 1 16 S43 20.81 21.20 0.39 
 
36,200 2005 Adding 0.48 27,163 71,386 
157 1 16 S43 24.93 24.97 0.04 
 
38,200 2005 Adding 0.04 3,226 7,322 
158 1 16 S43 25.19 25.24 0.05 
 
46,400 2005 Adding 0.08 4,001 9,152 
159 1 16 S43 25.46 25.67 0.21 
 
46,400 2005 Adding 0.19 17,606 38,438 
160 1 16 S43 26.46 26.72 0.26 
 
49,600 2005 Adding 0.25 23,664 47,590 
161 1 16 S43 29.00 29.05 0.05 
 
42,700 2005 Adding 0.05 3,695 9,152 
162 1 16 S43 42.09 42.18 0.09 
 
42,600 2005 Paving 0.52 17,916 16,474 
163 1 16 S50 40.09 40.10 0.01 
 
27,700 2005 Paving 0.01 1,964 1,830 
164 1 16 S53 1.73 1.75 0.02 
 
98,800 2005 Paving 0.38 10,565 3,661 
165 1 45 S56 0.87 0.95 0.08 
 
14,000 2005 Adding 0.68 16,351 29,286 
181 
 
166 1 16 S58 3.33 3.47 0.14 
 
15,200 2005 Widening 0.30 10,222 51,251 
167 1 16 S58 9.47 9.65 0.18 
 
52,000 2005 Adding 0.18 13,907 32,947 
168 1 16 S58 15.34 15.41 0.07 
 
33,900 2005 Adding 0.14 15,561 12,813 
169 1 16 S59 0.00 0.05 0.05 
 
18,300 2005 Adding 0.04 8,134 18,304 
170 1 16 S59 3.63 3.64 0.01 
 
19,300 2005 Widening 0.01 4,257 3,661 
171 1 45 S68 0.75 0.81 0.06 
 
14,000 2005 Widening 0.16 8,209 21,965 
172 1 16 S68 8.00 8.08 0.08 
 
22,700 2005 Widening 0.68 16,914 29,286 
173 1 99 S7 7.41 7.50 0.09 
 
22,500 2005 Adding 0.25 7,661 62,966 
174 1 99 S7 7.75 7.78 0.03 
 
16,000 2005 Adding 0.10 9,808 10,982 
175 1 16 S83 2.43 2.53 0.1 
 
13,500 2005 Paving 0.55 14,258 36,608 
176 1 49 U12 17.81 17.89 0.08 
 
42,700 2005 Paving 0.18 8,540 14,643 
177 1 49 U12 20.06 20.07 0.01 
 
44,300 2005 Adding 0.03 3,473 1,830 
178 1 16 U14 6.19 6.20 0.01 
 
33,300 2005 Adding 0.02 1,432 1,830 
179 1 56 U14 12.01 12.15 0.14 
 
13,500 2005 Paving 0.22 20,902 51,251 
180 1 56 U14 13.46 13.54 0.08 
 
18,200 2005 Paving 0.09 7,043 14,643 
181 1 56 U14 14.16 14.27 0.11 
 
18,200 2005 Paving 0.10 10,392 40,269 
182 1 56 U14 20.37 20.39 0.02 
 
28,500 2005 Adding 0.02 3,753 3,661 
183 1 56 U14 21.40 21.44 0.04 
 
28,500 2005 Adding 0.05 5,484 7,322 
184 1 56 U14 24.74 24.80 0.06 
 
27,900 2005 Adding 0.23 6,255 10,982 
185 1 16 U41 8.00 8.07 0.07 
 
14,100 2005 Adding 0.14 10,811 25,626 
186 1 16 U41 8.07 8.08 0.01 
 
14,100 2005 Adding 0.05 4,078 3,661 
187 1 16 U41 8.13 9.14 1.01 
 
17,900 2005 Adding 1.29 87,494 369,741 
188 1 16 U41 9.14 9.20 0.06 
 
21,800 2005 Adding 0.22 9,416 21,965 
189 1 16 U41 9.20 9.65 0.45 
 
21,800 2005 Adding 0.61 32,323 164,736 
190 1 16 U41 32.63 32.65 0.02 
 
81,600 2005 Adding 0.05 5,296 3,661 
182 
 
191 1 16 U41 33.51 33.54 0.03 
 
114,800 2005 Adding 0.05 5,785 5,491 
192 1 16 U41 35.06 35.19 0.13 
 
127,200 2005 Adding 0.20 10,171 23,795 
193 1 16 U41 35.19 35.30 0.11 
 
127,200 2005 Adding 0.29 11,582 20,134 
194 1 16 U41 35.80 36.02 0.22 
 
152,600 2005 Adding 0.23 16,663 40,269 
195 1 16 U41 36.18 36.29 0.11 
 
142,900 2005 Adding 0.23 9,988 20,134 
196 1 16 U41 36.41 36.83 0.42 
 
169,700 2005 Adding 0.60 31,005 76,877 
197 1 16 U41 37.06 37.24 0.18 
 
141,300 2005 Adding 0.36 26,231 30,071 
198 1 16 U41 37.24 37.25 0.01 
 
141,300 2005 Adding 0.01 3,489 217,207 
199 1 16 U41 37.25 37.37 0.12 
 
141,300 2005 Adding 0.64 28,011 21,965 
200 1 16 U41 37.60 37.79 0.19 
 
165,000 2005 Adding 0.25 15,170 34,778 
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201 1 16 U41 41.44 41.54 0.1 
 
149,300  2005 Adding 0.21 9,521 18,304 
202 2 4 S173 10.69 10.78 0.09 
   
4,400  2005 Widening 0.63 14,817 32,947 
203 2 98 S2 0.80 0.82 0.02 
   
7,500  2005 Adding 1.23 29,418 7,322 
204 2 52 S2 4.41 4.43 0.02 
   
5,600  2005 Adding 0.06 6,527 7,322 
205 2 52 S2 7.93 7.94 0.01 
   
12,800  2006 Paving 0.01 3,139 1,830 
206 2 71 S38 9.38 9.42 0.04 
   
2,550  2005 Adding 0.04 4,201 14,643 
207 2 81 S5 1.05 1.11 0.06 
   
16,100  2005 Adding 0.55 13,752 21,965 
208 2 81 S5 1.40 1.43 0.03 
   
18,400  2005 Paving 0.10 10,249 10,982 
209 2 81 S5 2.37 2.38 0.01 
   
26,600  2005 Adding 0.01 2,471 1,830 
210 2 81 S5 3.91 3.95 0.04 
   
16,400  2005 Adding 0.26 7,464 7,322 
211 2 81 S5 4.67 4.74 0.07 
   
33,000  2005 Paving 0.21 8,610 12,813 
212 2 81 S5 4.81 4.91 0.1 
   
44,600  2005 Paving 0.24 7,361 18,304 
213 2 81 S5 5.76 5.78 0.02    2005 Paving 0.03 4,905 38,438 
183 
 
36,300  
214 2 101 S70 4.86 4.90 0.04 
   
8,200  2005 Adding 0.13 6,849 59,793 
215 2 89 S75 0.71 0.74 0.03 
   
3,650  2005 Adding 0.05 5,789 10,982 
216 2 89 S75 1.03 1.05 0.02 
   
7,600  2005 Adding 0.16 5,386 7,322 
217 2 101 S75 19.01 19.18 0.17 
   
5,000  2005 Paving 0.90 22,524 62,234 
218 2 37 S82 6.36 6.40 0.04 
   
6,500  2005 Adding 0.14 13,437 14,643 
219 2 81 S92 21.81 21.82 0.01 
   
12,000  2005 Adding 0.21 6,054 1,830 
220 2 81 S92 22.15 22.29 0.14 
   
13,500  2005 Adding 0.35 13,196 25,626 
221 2 81 S92 23.93 23.96 0.03 
   
11,600  2005 Widening 0.13 3,872 8,542 
222 2 81 S92 25.92 25.99 0.07 
   
4,800  2005 Adding 0.07 6,515 25,626 
223 2 81 S92 26.22 26.27 0.05 
   
4,800  2005 Adding 0.58 14,576 18,304 
224 2 81 S92 32.16 32.18 0.02 
   
11,700  2005 Paving 0.05 1,663 3,661 
225 2 81 U150 0.47 0.53 0.06 
   
11,000  2005 Paving 0.10 9,726 21,965 
226 2 43 U20 1.32 1.35 0.03 
   
10,100  2005 Adding 0.09 4,307 5,491 
227 2 43 U20 12.22 12.25 0.03 
   
10,500  2005 Widening 0.03 3,822 10,982 
228 2 43 U20 13.03 13.07 0.04 
   
10,900  2005 Adding 0.56 14,872 14,643 
229 2 101 U20 14.34 14.48 0.14 
   
21,100  2005 Paving 0.25 11,391 25,626 
230 2 101 U20 16.93 16.94 0.01 
   
33,400  2005 Paving 0.09 3,316 1,830 
231 2 101 U20 19.71 19.78 0.07 
   
35,700  2005 Paving 0.12 6,498 12,813 
232 2 8 U52 8.39 8.43 0.04 
   
9,400  2005 Adding 0.16 15,666 14,643 
233 3 46 S102 6.88 6.97 0.09 
   
11,900  2005 Adding 0.10 10,075 32,947 
234 3 46 S102 7.00 7.03 0.03 
   
11,900  2005 Adding 0.17 16,981 10,982 
235 3 46 S102 7.63 7.67 0.04 
   
17,500  2005 Adding 0.15 5,795 7,322 
236 3 46 S102 7.93 7.97 0.04 
   
17,200  2005 Adding 0.04 4,016 4,576 
237 3 53 S23 0.00 0.02 0.02 
   
3,050  2005 Adding 0.13 3,138 7,322 
238 3 46 S50 0.57 0.63 0.06    2005 Adding 0.13 5,794 21,965 
184 
 
4,500  
239 3 16 S50 11.44 11.47 0.03 
   
20,800  2005 Adding 0.04 4,335 5,491 
240 4 90 I155 20.73 20.77 0.04 
   
19,400  2005 Paving 0.33 8,859 14,643 
241 4 72 I474 7.09 7.21 0.12 
   
36,700  2003 Paving 0.23 8,727 43,930 
242 4 72 S40 0.91 1.05 0.14 
   
18,600  2003 Adding 0.29 14,955 25,626 
243 4 72 S40 15.07 15.12 0.05 
   
29,000  2003 Adding 0.28 7,483 9,152 
244 4 90 S98 1.41 1.48 0.07 
   
4,450  2005 Adding 0.07 6,229 25,626 
245 4 72 U24 13.35 13.41 0.06 
   
22,700  2003 Adding 0.05 5,850 10,982 
246 5 74 S105 21.57 21.60 0.03 
   
6,800  2005 Adding 0.03 2,810 10,982 
247 5 10 U136 13.80 13.84 0.04 
   
6,300  2005 Widening 0.04 3,381 14,643 
248 6 1 S104 1.11 1.14 0.03 
   
20,600  2005 Adding 0.03 4,485 12,203 
249 6 1 S104 1.22 1.25 0.03 
   
20,900  2005 Adding 0.08 2,953 5,491 
250 6 1 S104 1.74 1.75 0.01 
   
22,200  2005 Adding 0.01 2,062 1,830 
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251 6 1 S104 3.35 3.37 0.02 
   
20,000  2005 Adding 0.07 2,014 3,661 
252 6 11 S29 0.08 0.39 0.31 
   
3,550  2005 Adding 1.43 33,797 113,485 
253 6 11 S29 12.48 12.58 0.1 
   
12,000  2005 Widening 0.32 7,807 36,608 
254 6 84 S4 1.46 1.54 0.08 
   
14,700  2005 Paving 0.07 6,857 42,709 
255 6 11 S48 11.86 11.90 0.04 
   
2,650  2005 Widening 0.86 20,129 14,643 
256 6 1 S57 1.15 1.17 0.02 
   
7,100  2005 Widening 0.05 2,176 3,661 
257 6 1 U24 0.21 0.30 0.09 
   
8,600  2005 Adding 0.45 11,458 32,947 
258 6 1 U24 13.96 13.97 0.01 
   
3,800  2005 Widening 0.08 7,399 3,661 
259 7 58 S105 0.89 0.94 0.05 
   
13,100  2005 Adding 0.12 3,560 9,152 
260 7 58 S105 3.92 3.96 0.04 
   
8,900  2005 Paving 0.26 8,757 49,421 
185 
 
261 7 58 S105 4.90 5.01 0.11 
   
17,000  2005 Paving 0.21 7,878 102,502 
262 7 87 S16 3.06 3.12 0.06 
   
4,750  2005 Widening 0.30 7,149 21,965 
263 7 26 S185 18.46 18.59 0.13 
   
2,150  2005 Paving 0.30 9,681 23,795 
264 7 58 U51B 6.06 6.13 0.07 
   
18,200  2005 Adding 0.18 5,135 12,813 
265 8 82 I255 14.01 14.06 0.05 
   
43,400  2005 Paving 0.27 7,607 18,304 
266 8 60 I270 3.99 4.03 0.04 
   
48,600  2005 Paving 0.09 4,502 14,643 
267 8 60 I270 9.33 9.35 0.02 
   
40,100  2005 Paving 0.02 2,454 7,322 
268 8 82 I55 0.00 0.34 0.34 
 
121,800  2005 Adding 0.99 98,487 124,467 
269 8 82 I55 0.34 0.35 0.01 
 
121,800  2005 Adding 0.05 3,746 3,661 
270 8 82 I55 0.35 0.36 0.01 
   
57,500  2005 Adding 0.01 2,309 3,661 
271 8 82 I55 1.00 1.04 0.04 
   
57,500  2005 Paving 0.04 4,188 14,643 
272 8 82 I55 1.05 1.08 0.03 
   
57,500  2005 Paving 0.03 4,868 10,982 
273 8 82 I55 1.34 1.36 0.02 
   
57,500  2005 Paving 0.02 2,547 7,322 
274 8 82 I55 1.76 2.12 0.36 
   
93,300  2005 Paving 0.50 42,870 131,789 
275 8 82 I55 2.44 2.49 0.05 
 
126,200  2005 Paving 0.05 7,022 18,304 
276 8 82 I55 2.49 2.54 0.05 
   
68,800  2005 Paving 0.06 6,731 18,304 
277 8 82 I55 3.47 3.52 0.05 
   
68,800  2005 Paving 0.06 3,993 18,304 
278 8 82 I64 5.98 6.00 0.02 
   
62,000  2005 Paving 0.05 7,979 126,908 
279 8 82 I64 9.88 9.91 0.03 
   
52,700  2005 Paving 0.18 5,791 10,982 
280 8 42 S109 0.50 0.55 0.05 
   
5,800  2005 Widening 0.16 4,735 18,304 
281 8 82 S111 1.10 1.12 0.02 
   
5,100  2005 Widening 0.10 2,897 7,322 
282 8 60 S111 6.49 6.55 0.06 
   
18,800  2005 Adding 0.70 19,790 10,982 
283 8 60 S111 13.35 13.40 0.05 
   
8,900  2005 Widening 0.05 5,261 18,304 
284 8 60 S111 15.87 15.98 0.11 
   
5,200  2005 Widening 0.46 10,879 40,269 
285 8 82 S13 2.71 2.78 0.07 
   
19,000  2005 Widening 0.13 5,201 12,813 
186 
 
286 8 82 S13 3.08 3.09 0.01 
   
18,300  2005 Paving 0.07 1,702 6,711 
287 8 60 S140 0.48 0.50 0.02 
   
17,700  2005 Adding 0.19 5,387 3,661 
288 8 82 S140 7.03 7.06 0.03 
   
19,500  2005 Widening 0.28 7,333 13,728 
289 8 60 S140 8.37 8.43 0.06 
   
14,700  2005 Widening 0.50 14,587 21,965 
290 8 60 S140 18.93 18.95 0.02 
   
8,100  2005 Paving 0.07 2,060 3,661 
291 8 60 S143 0.13 0.15 0.02 
   
14,700  2005 Paving 0.02 2,920 3,661 
292 8 60 S143 0.19 0.28 0.09 
   
14,700  2005 Paving 0.35 11,933 16,474 
293 8 60 S143 0.48 0.53 0.05 
   
14,700  2005 Paving 0.11 5,806 9,152 
294 8 60 S143 0.73 0.90 0.17 
   
14,700  2005 Paving 0.25 14,453 31,117 
295 8 60 S143 4.01 4.02 0.01 
   
14,900  2005 Paving 0.01 1,846 1,830 
296 8 60 S143 8.28 8.30 0.02 
   
18,700  2005 Paving 0.04 5,142 3,661 
297 8 60 S143 16.15 16.20 0.05 
   
10,400  2005 Adding 0.04 4,470 18,304 
298 8 60 S143 16.21 16.24 0.03 
   
12,700  2005 Adding 0.06 2,528 10,982 
299 8 60 S143 16.38 16.49 0.11 
   
12,700  2005 Adding 0.25 8,617 40,269 
300 8 60 S143 16.64 16.80 0.16  13,000  2005 Adding 0.46 12,662 58,573 
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301 8 60 S143 17.07 17.12 0.05 
   
13,700  2005 Paving 0.95 22,647 18,304 
302 8 60 S143 17.95 17.99 0.04 
   
6,700  2005 Adding 0.44 10,609 14,643 
303 8 60 S143 20.98 21.01 0.03 
   
6,500  2005 Paving 0.16 4,580 5,491 
304 8 82 S15 0.00 0.07 0.07 
   
9,000  2005 Adding 0.13 5,425 12,813 
305 8 82 S15 4.47 4.48 0.01 
   
15,000  2005 Paving 0.01 1,850 1,830 
306 8 82 S15 5.18 5.23 0.05 
   
33,500  2005 Paving 0.10 4,184 15,741 
307 8 82 S15 5.75 5.82 0.07 
   
33,900  2005 Paving 0.17 10,008 12,813 
308 8 82 S15 6.79 6.84 0.05 
   
33,800  2005 Paving 0.07 8,778 9,152 
187 
 
309 8 82 S15 7.31 7.33 0.02 
   
32,900  2005 Widening 0.58 15,736 3,661 
310 8 82 S15 7.55 7.58 0.03 
   
32,900  2005 Widening 0.03 4,496 5,491 
311 8 82 S15 12.38 12.39 0.01 
   
26,100  2005 Widening 0.02 2,404 1,830 
312 8 82 S15 13.17 13.19 0.02 
   
24,100  2005 Widening 0.04 4,908 3,661 
313 8 82 S157 0.69 0.70 0.01 
   
15,300  2005 Paving 0.03 1,435 1,830 
314 8 60 S157 3.80 3.90 0.1 
   
15,200  2005 Widening 0.38 12,128 134,229 
315 8 82 S157 6.76 6.77 0.01 
   
9,000  2005 Paving 0.01 2,505 3,661 
316 8 82 S157 7.00 7.02 0.02 
   
9,000  2005 Paving 0.03 3,111 7,322 
317 8 82 S157 7.76 7.78 0.02 
   
9,000  2005 Paving 0.02 2,432 3,661 
318 8 82 S157 11.07 11.08 0.01 
   
19,500  2003 Adding 0.02 920 1,830 
319 8 82 S157 11.70 11.73 0.03 
   
9,200  2005 Paving 0.15 14,431 10,982 
320 8 82 S157 11.73 11.79 0.06 
   
9,200  2005 Paving 0.09 8,563 21,965 
321 8 82 S158 10.46 10.54 0.08 
   
6,800  2005 Widening 0.38 12,777 29,286 
322 8 60 S159 8.78 8.90 0.12 
   
16,600  2005 Adding 0.26 8,872 21,965 
323 8 82 S159 9.54 9.55 0.01 
   
16,900  2005 Adding 0.01 4,242 3,661 
324 8 82 S159 9.78 9.84 0.06 
   
19,400  2005 Widening 0.05 6,933 21,965 
325 8 82 S159 10.06 10.07 0.01 
   
15,300  2005 Widening 0.14 4,970 3,661 
326 8 82 S161 0.90 0.96 0.06 
   
15,100  2005 Paving 0.31 8,069 10,982 
327 8 82 S161 2.43 2.49 0.06 
   
16,700  2005 Paving 0.13 4,221 10,982 
328 8 82 S161 2.97 3.01 0.04 
   
16,900  2005 Paving 0.04 6,566 140,483 
329 8 82 S161 4.97 5.03 0.06 
   
18,900  2005 Paving 0.06 6,972 10,982 
330 8 82 S161 5.12 5.13 0.01 
   
18,900  2005 Paving 0.01 1,986 1,830 
331 8 82 S161 5.21 5.26 0.05 
   
18,900  2005 Paving 0.05 3,541 9,152 
332 8 82 S161 5.80 5.86 0.06 
   
20,400  2005 Adding 0.07 7,473 10,982 
333 8 82 S161 10.54 10.71 0.17 
   
13,200  2005 Paving 0.16 26,425 31,117 
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334 8 82 S161 16.49 16.57 0.08 
   
6,700  2005 Widening 0.16 15,307 29,286 
335 8 60 S162 0.51 0.53 0.02 
   
12,000  2005 Adding 0.06 1,830 7,322 
336 8 60 S162 0.59 0.64 0.05 
   
12,000  2005 Widening 0.11 5,085 18,304 
337 8 60 S162 3.52 3.62 0.1 
   
5,800  2005 Widening 1.46 34,463 36,608 
338 8 60 S162 4.00 4.05 0.05 
   
5,800  2005 Widening 0.47 11,879 18,304 
339 8 60 S162 13.40 13.43 0.03 
   
13,300  2005 Widening 0.03 3,946 10,982 
340 8 60 S162 14.20 14.29 0.09 
   
4,100  2005 Adding 0.27 6,408 32,947 
341 8 82 S163 2.20 2.26 0.06 
   
6,900  2005 Widening 0.31 8,746 65,894 
342 8 82 S203 0.57 0.58 0.01 
   
20,700  2005 Paving 0.01 855 1,830 
343 8 82 S203 0.64 0.68 0.04 
   
23,800  2005 Paving 0.06 6,010 7,322 
344 8 60 S203 1.17 1.21 0.04 
   
12,800  2005 Paving 0.04 4,095 7,322 
345 8 60 S203 1.68 1.72 0.04 
   
13,800  2005 Widening 0.12 3,489 7,322 
346 8 60 S203 2.29 2.33 0.04 
   
13,200  2005 Widening 0.47 13,517 7,322 
347 8 60 S203 2.42 2.44 0.02 
   
13,400  2005 Widening 0.36 10,033 3,661 
348 8 60 S203 2.93 2.96 0.03 
   
23,400  2005 Adding 0.06 2,426 5,491 
349 8 60 S203 3.20 3.25 0.05 
   
23,400  2005 Adding 0.05 7,293 9,152 
350 8 60 S203 3.38 3.40 0.02 
   
23,400  2005 Adding 0.10 5,412 50,031 
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351 8 60 S203 4.46 4.50 0.04 
   
10,700  2005 Adding 0.12 3,704 7,322 
352 8 60 S203 4.50 4.54 0.04 
   
10,700  2005 Adding 0.06 4,743 30,202 
353 8 60 S203 6.60 6.61 0.01 
   
14,500  2005 Adding 0.02 989 1,830 
354 8 60 S203 7.65 7.76 0.11 
   
18,400  2005 Adding 0.21 9,169 20,134 
355 8 60 S203 7.80 7.86 0.06 
   
18,400  2005 Paving 0.07 8,673 10,982 
356 8 60 U67 5.79 5.87 0.08    2005 Paving 0.09 6,020 29,286 
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13,200  
357 8 60 U67 7.54 7.56 0.02 
   
14,900  2005 Paving 0.78 18,806 7,322 
358 8 60 U67 8.01 8.08 0.07 
   
14,900  2005 Paving 0.47 14,066 25,626 
359 8 60 U67 8.66 8.72 0.06 
   
16,300  2005 Adding 0.17 4,798 10,982 
360 9 2 I57 1.48 1.51 0.03 
   
11,400  2006 Paving 0.11 2,984 10,982 
361 9 2 S146 0.49 0.55 0.06 
   
10,300  2005 Paving 0.33 8,826 10,982 
362 9 2 S146 0.67 0.68 0.01 
   
10,300  2005 Paving 0.01 890 1,830 
363 9 100 S148 2.92 3.00 0.08 
   
9,500  2005 Adding 0.09 9,011 29,286 
364 9 39 S149 7.49 7.53 0.04 
   
14,200  2005 Adding 0.04 4,335 14,643 
365 9 39 S149 7.56 7.60 0.04 
   
14,200  2005 Adding 0.18 4,353 14,643 
 
